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Abstract 
Accidental reduction in the amount of steel in continuous reinforced concrete 
(RC) floor slabs is a typical problem that might occur due to an error in design, unclear 
drawings, or overlooked verification of reinforcement prior to concrete casting. 
Existence of such deficiencies would compromise the load capacity and serviceability 
of RC floor slabs. This research examines the effectiveness of using fiber-reinforced 
polymers (FRP) to improve the structural response of flexure-deficient continuous RC 
slab strips. The study comprised experimental testing and finite element (FE) 
modeling. Sixteen two-span RC slab strips, 400 x 125 x 3800 mm each, were tested. 
Test parameters included the deficiency location, strengthening regime, and amount 
of FRP.  
The unstrengthened slab strip deficient in the sagging region had 22% lower 
load capacity and 64% higher deflection-based ductility index compared with those of 
its counterpart deficient in the hogging region. Strengthening with FRP improved the 
load capacity and stiffness of the deficient slab strips. The FRP strengthening tended 
to decrease the ductility index of the slab strips deficient in the sagging regions. 
Conversely, the ductility index of the slab strips deficient in the hogging region tended 
to increase after strengthening. The strength gain caused by strengthening was in the 
range 29% to 69% for the slab strips deficient in the sagging regions and 14% to 44% 
for those deficient in the hogging region. Increasing the amount of FRP resulted in an 
increase in the load capacity but the additional strength gain was, generally, not 
proportional to the added amount of FRP. Increasing the amount of FRP had, typically, 
less significant effect on the load capacity of the slabs deficient in the hogging region 
than in the sagging region. 
   vii 
 
Strengthening of deficient regions reduced the moment redistribution ratios. 
The ratios further decreased as the amount of FRP in the deficient region increased. A 
maximum moment redistribution ratio of +32% was recorded for the strengthened slab 
strips. The FE models developed in this study predicted the nonlinear structural 
response of the tested continuous RC slab strips with a high level of accuracy. The 
numerical and experimental results were in good agreement. 
Keywords: continuous, deficient, flexure, FRP, slabs, strengthening. 
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 )cibarA ni( tcartsbA dna eltiT
المتصلة التي تعاني من نقص في تحمل قوى الانحناء  الاستجابة الإنشائية للبلاطات الخرسانية
 والمقواة بالمواد المركبة
 
 صخالمل
حدث ي دق بشكل غير مقصود المتصلة في بلاطات أسقف الخرسانة المسلحةكمية حديد التسليح  نقصإن 
لتسليح ا عن التحقق من توزيع حديد رسومات إنشائية غير واضحة، أو تغاض   بسبب بسبب خطأ في التصميم، أو
 بلاطات الأسقف وكفاءة قدرة تحمليضّر بفي حديد التسليح مثل هذا النقص  حدوثقبل صب الخرسانة. إن 
البلاطات  حالاستجابة الإنشائية لشرائ لتحسين المركبة الموادالخرسانية المسلحة. يتناول هذا البحث فعالية استخدام 
تضمنت  .السالب وأتسليح في أماكن عزوم الانحناء الموجب حديد ال التي تعاني من نقص فيالخرسانية المسلحة 
 وعمق ،مم 004قياسات موحدة بعرض  ذاتعينة  61 تجهيز واختبار عددية. تممحاكاة معملية والدراسة تجارب 
ن ماكأبين  نقص حديد التسليح موضعلكل عينة. شملت معايير الاختبار على  مم 0083طول إجمالي ، ومم 521
، ونوع نظام التقوية بالمواد المركبة، وكمية المواد المركبة المستخدمة كبديل عن الموجب أو السالب عزم الانحناء
 نقص حديد التسليح.
 أقل بمقدار تكان الموجبفي منطقة الانحناء  التي تعاني من نقص في حديد التسليحإن قوة التحمل للعينة 
 قدارأعلى بم كان مؤشر الليونة في المقابلاء السالب. من نظيرتها ذات الحديد الناقص في منطقة الانحن %22
ي للعينات التي تعاني من نقص ف التحمل والصلابة قوةإن استخدام المواد المركبة كان فّعالاً في تحسين  .%46
لناقص ا إلى تقليل مؤشر الليونة للعينات ذات الحديد أدى، بشكل عام،التقوية باستخدام المواد المركبة . حديد التسليح
في أماكن عزم الانحناء الموجب. على العكس، مؤشر الليونة للعينات ذات الحديد الناقص في منطقة الانحناء 
للعينات  حملالت ةقو نسبة الزيادة فيكانت إلى الزيادة بعد التقوية بالمواد المركبة.  يميل كان، بشكل عام، السالب
لنظيراتها ذات  الزيادة، بينما كانت %96إلى  %92ي نطاق ف الناقص في أماكن الانحناء الموجب ذات الحديد
. زيادة كمية المواد المركبة المستخدمة في %44إلى  %41في نطاق  أماكن الانحناء السالبالحديد الناقص في 
ن اكبنفس نسبة زيادة كمية المواد المركبة.  نسبة الزيادة في قوة التحمل كنولكن لم ت التحمل ةالتقوية زاد من قو
أقل  البالانحناء الس زيادة كمية المواد المركبة المستخدمة في تقوية العينات ذات الحديد الناقص في أماكنتأثير 
 .الناقص في أماكن الانحناء الموجب بشكل عام من نظيراتها ذات الحديد
  xi  
 
يض نسب ى تخفبالمواد المركبة أّدى إل الناقص الحديدشرائح البلاطات الخرسانية المتصلة ذات  تقويةإن 
الانحناء أكثر بزيادة كمية المواد المركبة في المناطق التي  عزومالانحناء. وانخفضت نسب توزيع  عزومتوزيع 
لإحدى العينات  %23+الانحناء بقيمة  عزوم. تم تسجيل أعلى نسبة توزيع التسليح حديدكمية تعاني من نقص في 
ري الذي تم طرحه في دراسة المحاكاة العددية أن يتنبأ بالاستجابة استطاع النموذج النظبالمواد المركبة.  المقواة
 ج المحاكاةبدقة عالية. كانت نتائالغير خطية لشرائح البلاطات المتصلة التي تم اختبارها في هذا البحث الانشائية 
 العددية والتجارب المعملية في توافق جيد.
 نقص. : تقوية، بلاطات، متصلة، مواد مركبة، كلمات البحث
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Chapter 1: Introduction 
1.1 General 
The flat plate system is commonly used in construction of reinforced concrete 
(RC) buildings. Accidental reduction in the amount of the tensile steel reinforcement 
in continuous RC flat plates would greatly affect their ability to withstand the applied 
loads. Overlooking of the structural drawings is one of the reasons that might result in 
reducing the amount of the tensile steel prior to construction. Poorly trained labor and 
neglected verification of the steel arrangement are also popular reasons for the reduced 
amount of the tensile steel.  
Strengthening of deficient RC structural elements rose as an alternative to the 
demolition and reconstruction options. Modern methods of strengthening involve the 
use of fiber-reinforced-polymer (FRP) composite materials. These materials have high 
strength to weight ratio and high corrosion resistance which make them favorable over 
the traditional strengthening techniques such as concrete jacketing and steel plate 
bonding. The FRP composites can be used as externally-bonded (EB) or near-surface-
mounted (NSM).  
The EB-FRP plates or sheets are vulnerable to premature delamination which 
would limit the gain in flexural capacity and reduce the slab ductility. Sudden failure 
of the EB-FRP system would not allow moment redistribution between sagging and 
hogging regions. Consequently, most of the current design guidelines on the use of 
composites in strengthening do not allow moment redistribution in continuous RC 
structures strengthened with EB-FRP composites. The EB-FRP composite system is 
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also susceptible to acts of vandalism, fire, mechanical damage, and other weather 
conditions.  
Sudden delamination of the EB-FRP sheets compromises the flexural response 
of the strengthened structures. Many anchorage systems have been developed over the 
years to prevent the premature delamination of the FRP sheets. Installation of 
transverse U-wraps composed of composite FRP sheets either at the ends or distributed 
along the span is the most common method of anchorage. Mechanical anchors with 
different implementation systems have also been developed and studied (El Maaddawy 
and Soudki 2008). A review of representative experimental studies conducted on the 
major anchorage concepts was reported by Kalfat et al. (2011). 
The NSM-FRP system was developed as an alternative for the EB-FRP system. 
In the NSM-FRP system, FRP plates or bars are inserted into grooves pre-cut on the 
surface of the concrete cover and held in place using an epoxy resin. Embedment of 
the FRP reinforcement into the concrete cover reduces the risk of the premature 
debonding of the FRP. Nevertheless, flexural RC elements strengthened with NSM-
FRP reinforcement may fail prematurely due to sudden concrete cover separation. The 
FRP reinforcement in the NSM-FRP system is protected from the harsh environmental 
conditions which would prolong the service life of the strengthened structures.  
1.2 Scope and Objectives 
This research aims at investigating the flexural response of continuous RC slab 
strips strengthened with composite-based systems. The specific objectives are as 
follows: 
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1. Investigate the effectiveness of using EB-FRP sheets with and without 
mechanical anchors to upgrade the flexural response of continuous RC slab 
strips.  
2. Examine the viability of using NSM-FRP reinforcement to improve the 
structural response of flexure-deficient continuous RC slab strips.  
3. Investigate the impact of varying the deficiency location between the sagging 
and hogging regions and amount of FRP reinforcement on the flexural response 
of the strengthened slab strips. 
4. Develop three-dimensional (3D) finite element (FE) models that can predict the 
non-linear structural response of flexure-deficient continuous RC slab strips 
strengthened with composites.  
1.3 Outline and Organization of the Thesis 
A comprehensive literature review of available previous studies on 
strengthening of RC structures with EB and NSM composite-based systems is 
presented in Chapter (2). 
Chapter (3) presents details of design, manufacturing, and fabrication of the 
tested specimens. Detailed descriptions of the materials properties, strengthening 
regime, strengthening methodology, test setup, and instrumentations are presented in 
the same chapter.  
The results of the tested specimens are presented in Chapter (4). Failure modes, 
load enhancement ratio, load-deflection response, ductility ratio, tensile steel response, 
concrete strain response, FRP strain response, support reactions, load-moment 
relationship, moment enhancement ratio, moment-deflection relationship, and moment 
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redistribution are presented and discussed in this chapter. Comparative analysis of test 
results is included. The efficiency of the strengthening schemes are discussed at the 
end of the chapter. 
Chapter (5) presents details and results of the FE modeling/numerical 
simulation. The material constitutive laws, element types, and boundary conditions 
implemented in the FE analysis are given in this chapter. Comparisons between the 
numerical results and those obtained from experiments are illustrated and discussed at 
the end of the chapter.  
Summary of the research, general conclusions for the completed work, and 
recommendations for future studies on strengthening of continuous RC structures with 
composites are presented in Chapter (6). 
 
 
 
 
  
   5 
 
Chapter 2: Literature Review 
2.1 Introduction 
Relevant research work on flexural strengthening of RC structural components 
with externally-bonded (EB) and near-surface-mounted (NSM) fiber-reinforced 
polymer (FRP) composites are summarized and discussed in this chapter. Different 
variables affecting the flexural response of the strengthened RC elements have been 
highlighted and discussed. These variables included the type of the composite 
strengthening system, amount of internal steel reinforcement, type of composites, 
amount of strengthening, and incorporation of anchorage techniques in the EB 
composite system. Available previous studies on strengthening of simply-supported 
RC structures are first presented and discussed followed by a review of the available 
studies on strengthening of continuous RC structures. The significance of the current 
research are then highlighted at the end of the chapter. 
2.2 Strengthening of Simply-Supported Structures with Composites  
Numerous research work on strengthening of simply-supported RC structures 
has been conducted. For the purpose of compactness, available previous studies 
conducted throughout the last decade on flexural strengthening of simply-supported 
beams or slabs using EB-FRP and NSM-FRP systems are summarized in Table 2.1 
and Table 2.2, respectively. The effects of main test variables on the flexural response 
are discussed in the following sections. 
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2.2.1 Strengthening with Externally-Bonded Composites 
The EB-FRP technique is commonly used for strengthening of RC structures 
because of its light weight, corrosion resistance, and ease of installation. However, the 
system is vulnerable to fail prematurely by debonding of the externally-bonded FRP 
sheets or plates. Accordingly, some researchers used U-wraps or different mechanical 
anchorage techniques in conjunction with the EB-FRP system to prevent the premature 
debonding mode of failure. 
2.2.1.1 Effect of Type of Composites 
From the literature survey given in Table 2.1, it can be seen that carbon fiber-
reinforced polymer (CFRP) composites have been adopted in the majority of previous 
studies. Glass fiber-reinforced polymers (GFRP) is the second most popular composite 
material adopted in previous investigations. The lower cost of the GFRP compared 
with that of the CFRP attracted some researchers to use them in strengthening 
applications. The GFRP composites have, however, inferior properties compared with 
those of the CFRP. The use of five GFRP plates in flexural strengthening of T-shaped 
RC beams without U-wraps or mechanical anchorages increased the flexural strength 
by approximately 28% and reduced the ductility index by 30% (El-Hacha and Rizkalla 
2004; El-Hacha et al. 2005). Debonding of the GFRP plates was the dominate mode 
of failure. Attari et al. (2012) used U-wraps together with GFRP laminates in flexural 
strengthening of RC beams having a rectangular cross-section. The use of U-wraps 
prevented the debonding mode of failure and resulted in 100% strength gain. The 
ductility index was reduced by approximately 40%.    
Rasheed et al. (2010) used a new material that was made of steel reinforced 
polymers (SRP) in the form of dry fabrics with a thickness 0.44 mm and breadth of 
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254 mm. Test results showed that the strength gain caused by the SRP was almost 
equal to that caused by the CFRP whereas the ductility index was less.  
Attari et al. (2012) used a combination of CFRP and GFRP laminates in 
comparison with that of a single CFRP or GFRP laminate. All specimens tested by 
Attari et al. (2012) failed by concrete crushing followed by FRP rupture. No FRP 
debonding mode of failure was reported because U-wraps were provided. A strength 
gain of approximately 100% was recorded for all specimens. The ductility index of the 
specimen strengthened with hybrid CFRP/GFRP composites had an average value 
between those of the specimens strengthened with a single CFRP or GFRP laminate. 
The failure mode of concrete crushing indicated that the laminates did not reach the 
ultimate strain prior to failure.  
2.2.1.2 Effect of Concrete Strength and Previous Damage 
The effect of concrete strength and presence of previous damage on the flexural 
response of RC flexural elements strengthened with EB-FRP composites has received 
little attention. Benjeddou et al. (2007) reported that the strength gain caused by 
strengthening decreased by increasing the concrete strength of the tested specimens. 
For a specimen with a concrete strength of 21 MPa strengthened with EB-FRP 
composites, a strength gain of 87% was recorded whereas for a similar specimen 
having a concrete strength of 38 MPa, a strength gain of 56% was reported. The 
specimens with the lower concrete strength failed by concrete cover separation 
whereas the specimens with the higher concrete strength failed by debonding of the 
CFRP laminates.  
Flexural strengthening with EB-FRP composites was less effective in 
improving the flexural response of pre-damaged RC specimens. The strength gain 
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decreased as the level of damage prior to strengthening increased. Reinforced concrete 
specimens pre-damaged to 80%, 90%, and 100% of their ultimate strength prior to 
strengthening exhibited strength gains of 76%, 50%, and 44%, respectively, whereas 
a similar non-damaged specimen showed 87% increase in the flexural capacity after 
strengthening (Benjeddou et al. 2007). 
El Maaddawy and Soudki (2005) reported that inducing accelerated corrosion 
for 310 days resulted in 30% mass loss in the tensile steel reinforcement, thus, 24% 
reduction in the load capacity. Strengthening with one EB-CFRP sheet resulted in an 
average strength gain of 67% with respect to the corrosion-damaged unstrengthened 
specimens. All of the strengthened specimens failed by FRP rupture.  
2.2.1.3 Effect of Internal Steel Reinforcement Ratio  
Many researchers investigated the effect of varying the amount of internal steel 
reinforcement on the flexural response of strengthened simply-supported RC elements. 
Previous studies concluded that the flexural strength gain decreased with an increase 
in the internal steel reinforcement ratio. Strengthened specimens having low amount 
of internal steel and external composite reinforcements were vulnerable to failure by 
FRP rupture. The ductility of the strengthened specimens were typically lower than 
that of similar unstrengthened specimens. Nevertheless, increasing the amount of 
internal steel reinforcement can change the mode of failure from FRP rupture to 
concrete crushing, which could improve the ductility of the strengthened element.       
Barros et al. (2007) reported that increasing the internal steel reinforcement 
ratio from 0.36% to 0.54% decreased the strength gain from 64% to 22%. Increasing 
the internal steel reinforcement ratio changed the mode of failure from FRP rupture to 
concrete crushing. The ductility index of the specimens with the lower internal steel 
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reinforcement ratio was approximately 36% lower than that of the control specimen 
whereas the ductility index of the specimens with the higher amount of internal steel 
ratio was only 22% lower than that of the control specimen.      
Esfahani et al. (2007) investigated the effect of varying the amount of internal 
steel on the flexural response of RC beams having a rectangular cross-section. 
Specimens with internal steel reinforcement ratios of 0.86%, 1.5%, and 2.4% 
strengthened with either one or two EB-CFRP sheets featured average flexural strength 
gains of approximately 34%, 32%, and 16%, respectively.  
Ceroni (2010) reported that increasing the internal steel reinforcement ratio 
from 1% to 1.5% decreased the strength gain from 26% to 18% for RC beam 
specimens strengthened in flexure with EB-CFRP sheets without U-wraps. For 
strengthened specimens having U-wraps distributed along the length of the 
longitudinal EB-CFRP sheets, the strength gain decreased from 51% to 25% as the 
internal steel ratio increased from 1% to 1.5%, respectively (Ceroni 2010).  
Wu et al. (2011) reported similar results that increasing the internal steel ratio 
from 0.44% to 0.65% decreased the strength gain by approximately 40%, on average, 
for strengthened specimens failed in a conventional flexural mode of failure. Results 
of Ceroni (2010) and Wu et al. (2011) indicated that a 50% increase in the internal 
steel reinforcement ratio resulted in approximately a 40% reduction in the strength 
gain. For RC specimens with the FRP rupture mode of failure, it is possible that the 
FRP contribution to the moment capacity remains unchanged despite the apparent 
reduction in the strength gain caused by an increase in the amount of the internal steel 
reinforcement.  
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Dong et al. (2013) reported a change in the mode of failure from FRP rupture 
to FRP debonding because of increasing the steel reinforcement ratio by approximately 
30% (from 0.38% to 0.49%). The 30% increase in the internal steel reinforcement ratio 
resulted in approximately 37% reduction in the strength gain. The ductility index of 
the specimens with the FRP debonding mode of failure was lower than that of the 
specimens with the FRP rupture mode of failure.   
2.2.1.4 Effect of Amount of Composite Reinforcement  
The flexural strength gain typically increased and the ductility index tended to 
decrease as the amount of the EB-FRP reinforcement increased. Nevertheless, for RC 
specimens with the FRP debonding mode of failure, increasing the amount of EB-FRP 
composites may not result in additional increase in the strength gain. Results of the 
majority of previous studies, except those of a study conducted by Balamuralikrishnan 
and Jeyasehar (2009), indicated that the additional strength gain was not proportional 
to the added amount of the EB-FRP composites.   
Results of the study conducted by Esfahani et al. (2007) indicated that the effect 
of increasing the amount of the EB-FRP reinforcement on the strength gain was less 
pronounced for the RC specimens with the higher amount of internal steel 
reinforcement. For the specimens with the lower internal steel reinforcement ratio of 
0.86%, doubling the amount of the EB-FRP composites increased the strength gain by 
80%, whereas only 56% increase in the strength gain was recorded for the specimens 
with the higher internal steel reinforcement ratio of 1.5%. The results indicated also 
that a three-fold increase in the amount of the EB-FRP composites (from 1 layer to 3 
layers) increased the strength gain by two-folds (from 24% to 51%).  
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Balamuralikrishnan and Jeyasehar (2009) reported that doubling the amount of 
the EB-FRP sheets in RC beams increased the strength gain by approximately two-
folds (the strength gain increased from 20% to 46%) without compromising the 
ductility.    
Ceroni (2010) reported that for RC beams with the lower internal steel ratio of 
1%, doubling the amount of EB-FRP sheets, without U-wraps, increased the strength 
gain by approximately 40% whereas for the beams with the higher internal steel ratio 
of 1.5%, no additional increase in the strength gain was recorded.  
Al-Rousan et al. (2012) reported that for one-way RC slabs with a FRP rupture 
mode of failure, increasing the reinforcement ratio of the impregnated EB-FRP sheets 
by more than two-folds (from 0.26% to 0.6%) increased the strength gain by 42% only 
with an almost no change in the ductility index. For RC slabs having FRP debonding 
mode of failure, increasing the amount the EB-FRP plates insignificantly increased the 
strength gain and further reduced the ductility index. In some specimens failed 
prematurely due to debonding of the FRP plates, increasing the amount of EB-FRP 
plates did not result in additional increase in the load capacity (Al-Rousan et al. 2012). 
The strength gain recorded for a one-way RC slab specimen strengthened with four 
EB-FRP plates was even lower than that of a similar slab strengthened with three EB-
FRP plates.  
Dong et al. (2013) reported that doubling the amount of the EB-FRP sheets 
increased the strength gain by 74% and changed the mode of failure from FRP rupture 
to FRP debonding. The ductility index of the specimens with the higher amount of EB-
FRP was significantly lower than that of the specimens with the lower amount of EB-
FRP composites. 
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Mostafa and Razaqpur (2013) investigated the effect of varying the amount of 
EB-FRP composites on the flexural response and failure mode of T-shaped RC beams.  
Increasing the amount of EB-FRP reinforcement changed the failure mode from FRP 
rupture to intermediate FRP debonding, and hence, the additional increase in the 
strength gain was not proportional to the added amount of the EB-FRP composites. 
Doubling the amount of the EB-FRP composites increased the strength gain by 85%, 
whereas increasing the amount of the EB-FRP by four-folds increased the strength 
gain by only three folds. 
2.2.1.5 Effect of Inclusion of Anchorage Systems in Strengthening   
The most common mode of failure of RC flexural elements strengthened with 
EB-FRP composites without anchorage systems is the premature debonding of the 
FRP.  Different anchorage systems were adopted in the literature to delay or prevent 
the premature delamination of the EB-FRP materials. Providing transverse U-wraps at 
the ends or distributed at a certain spacing along the length of the longitudinal FRP 
sheets, as shown in Figure 2.1, effectively delayed/prevented the FRP debonding mode 
of failure (El Maaddawy and Soudki 2005; Ceroni 2010; El-Ghandour 2011; Attari et 
al. 2012). This allowed the strengthened element to sustain higher loads and the FRP 
materials to exhibit higher strain before failure. Fiber-reinforced polymer spike 
anchors shown in Figure 2.2 have also been used with a great success to delay FRP 
debonding and improve the viability of the EB-FRP composite system (Kim et al. 
2011; Breña and McGuirk 2013). 
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Figure 2.1: EB-CFRP system with U-wraps  (El Maaddawy and Soudki 2005) 
 
   
Figure 2.2: FRP spike anchors (Breña and McGuirk 2013) 
Some researchers installed steel plates at the ends or at discrete locations below 
the longitudinal EB-CFRP reinforcement that was bonded to the soffit of the 
strengthened element (El Maaddawy and Soudki 2008; Wu et al. 2011). The steel 
plates were anchored to the concrete using bolts mechanically driven into the concrete 
or inserted into holes pre-drilled through the section depth as shown in Figures 2.3 and 
2.4 (El Maaddawy and Soudki 2008; Wu et al. 2011). Results of these studies revealed 
that FRP debonding was effectively prevented through the enhancement of the 
interfacial friction. Other researchers adopted a composite mechanical anchorage 
system where a special type of pultruded FRP plates known as SAFSTRIP were 
installed at ends or at discrete locations along the longitudinal EB-FRP materials  and 
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anchored to the concrete using threaded screws or expansion bolts (Ortega et al. 2009; 
Belarbi et al. 2012; El-Maaddawy and Chekfeh 2012). The composite mechanical 
anchorage system was effective in increasing the contribution of the EB-CFRP to the 
load capacity by delaying/preventing the FRP debonding mode of failure. 
 
Figure 2.3:  End mechanical anchorage system (El Maaddawy and Soudki 2008) 
  
Figure 2.4: Mechanical anchors distributed along the span (Wu et al. 2011) 
 
 
 
 
  
Table 2.1: Previous studies on strengthening of simply-supported RC structures with EB-FRP composites 
Reference 
No. of 
specimens 
Concrete 
Flexural steel 
properties c 
Strengthening system 
Failure mode 
Change in 
ductility 
index  ∆𝝁 
f  
(%) 
Strength 
gain 
(%) Type 
Geometry a 
(mm) 
𝒇𝒄
′  b 
(MPa) 
Regime d Properties e 
Tan et al. 
(2003) 
4 Slab 𝑏 = 1000 
ℎ = 220 
𝑙  = 6000 
𝑑 = 190 
𝑐 = 30 
35 𝐴𝑠 = 688 mm
2 
(4 ∅ 13) 
(2 ∅ 10) 
 
𝐴𝑠
′  = 157 mm2 
(2 ∅ 10) 
 
𝜌𝑠 = 0.362 % 
 
𝑓𝑦 = 413.7 MPa 
 2 externally bonded CFRP 
strips 
 With U-wraps 
𝐴𝑓 = 240 mm
2, 𝜌𝑓 = 0.109% 
CFRP strips 
𝐸𝑓  = 164 GPa 
𝑓𝑓𝑢 = 2500 MPa 
𝜀𝑓𝑢 = 1.6 % 
o FD - 28 145 
 2 externally pre-stressed CFRP 
strips 
𝐴𝑓 = 240 mm
2, 𝜌𝑓 = 0.109% 
o Anchorage 
slippage 
+ 68 271 
 Wet lay-up CFRP sheets 
𝐴𝑓 = 117 mm
2, 𝜌𝑓 = 0.0532% 
CFRP sheets 
𝐸𝑓   = 240 GPa 
𝑓𝑓𝑢 = 3800 MPa 
𝜀𝑓𝑢 = 1.55 % 
o IC followed 
by FR 
+ 36 280 
El-Hacha 
and Rizkalla 
(2004) 
4 Beam 
 
T-Sec 
𝑏fl = 300 
𝑏𝑤 = 150 
ℎ = 300 
ℎ𝑓 = 50 
𝑙  = 2500 
𝑑 = 250 
𝑐 = 50 
52 𝐴𝑠 = 650.5 mm
2 
(2 ∅ 13) 
(2 ∅ 16) 
 
𝐴𝑠
′  = 253.4 mm2 
(2 ∅ 13) 
 
𝜌𝑠 = 0.867 % 
 
𝑓𝑦 = 400 MPa 
 2 externally bonded CFRP 
strips 
 No damage 
 With U-wraps at ends 
    𝑡𝑓 = 2 mm, 𝑏𝑓 =  16 mm 
  𝜌𝑓 = 0.071 % 
CFRP strips 
𝐸𝑓  = 140 GPa 
𝑓𝑓𝑢 = 1525 MPa 
𝜀𝑓𝑢 = 1.08 % 
o FD + 36 17 
 2 externally bonded CFRP 
strips 
 Severe damage 
 With U-wraps at ends 
    𝑡𝑓 = 2 mm, 𝑏𝑓 =  16 mm 
  𝜌𝑓 = 0.071 % 
- 51 16 
 5 externally bonded 
thermoplastic GFRP strips 
 With U-wraps at ends 
   𝑡𝑓 = 2 mm, 𝑏𝑓 = 20 mm 
   𝑙𝑓 = 2700 mm, 𝜌𝑓 = 0.22 % 
GFRP strips 
𝐸𝑓  = 45 GPa 
𝑓𝑓𝑢 = 1000 MPa 
𝜀𝑓𝑢 = 2.22 % 
- 31 28 
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Table 2.1 (Cont.): Previous studies on strengthening of simply-supported RC structures with EB-FRP composites 
Reference 
No. of 
specimens 
Concrete 
Flexural steel 
properties c 
Strengthening system 
Failure mode 
Change in 
ductility 
index  ∆𝝁 
f  
(%) 
Strength 
gain 
(%) Type 
Geometry a 
(mm) 
𝒇𝒄
′  b 
(MPa) 
Regime d Properties e 
El-Hacha et 
al. (2005) 
5 Beam 
 
T-Sec 
𝑏fl = 300 
𝑏𝑤 = 150 
ℎ = 300 
ℎ𝑓 = 50 
𝑙  = 2500 
𝑑 = 250 
𝑐 = 50 
52 𝐴𝑠 = 650.5 mm
2 
(2 ∅ 13) 
(2 ∅ 16) 
 
𝐴𝑠
′  = 253.4 mm2 
(2 ∅ 13) 
 
𝜌𝑠 = 0.867 % 
 
𝑓𝑦 = 400 MPa 
 2 externally bonded CFRP 
strips 
 With U-wraps at ends 
    𝑡𝑓 = 2 mm, 𝑏𝑓 =  16 mm 
  𝑙𝑓 = 2700 mm, 𝜌𝑓 = 0.071 %,  
CFRP strips 
𝐸𝑓  = 140 GPa 
𝑓𝑓𝑢 = 1525 MPa 
𝜀𝑓𝑢 = 1.08 % 
o FD + 36 17 
 2 externally bonded CFRP 
strips 
 With U-wraps at ends 
    𝑡𝑓 = 1.2 mm, 𝑏𝑓 =  25 mm 
  𝑙𝑓 = 2700 mm, 𝜌𝑓 = 0.067 % 
CFRP strips 
𝐸𝑓  = 150 GPa 
𝑓𝑓𝑢 = 2000 MPa 
𝜀𝑓𝑢 = 1.33 % 
- 68 25 
 5 externally bonded 
thermoplastic GFRP strips 
 With U-wraps at ends 
    𝑡𝑓 = 2 mm, 𝑏𝑓 = 20 mm 
    𝑙𝑓 = 2700 mm, 𝜌𝑓 = 0.222 % 
GFRP strips 
𝐸𝑓  = 45 GPa 
𝑓𝑓𝑢 = 1000 MPa 
𝜀𝑓𝑢 = 2.22 % 
- 30 28 
 Wet lay-up CFRP sheets, 
2 layers 
 With U-wraps at ends 
    𝑡𝑓 = 0.165 mm, 𝑏𝑓 = 120 mm 
  𝑙𝑓 = 2700 mm, 𝜌𝑓 = 0.044 %, 
 
CFRP sheets 
𝐸𝑓  = 228 GPa 
𝑓𝑓𝑢 = 3790 MPa 
𝜀𝑓𝑢 = 1.66 % 
- 71 41 
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Table 2.1 (Cont.): Previous studies on strengthening of simply-supported RC structures with EB-FRP composites 
Reference 
No. of 
specimens 
Concrete 
Flexural steel 
properties c 
Strengthening system 
Failure mode 
Change in 
ductility 
index  ∆𝝁 
f  
(%) 
Strength 
gain 
(%) Type 
Geometry a 
(mm) 
𝒇𝒄
′  b 
(MPa) 
Regime d Properties e 
El 
Maaddawy 
and Soudki 
(2005) 
14 Beam 
 
R-Sec 
𝑏 = 152 
ℎ = 254 
𝑙  = 2920 
𝑑 = 229 
𝑐 = 25 
41 𝐴𝑠 = 353 mm
2 
(2 ∅ 15) 
 
𝐴𝑠
′  = 101 mm2 
(2 ∅ 8) 
 
𝜌𝑠 = 1.014 % 
 
𝑓𝑦 = 450 MPa 
 Un-corroded, no sustained load 
o Scheme 1 * 
o Scheme 2 ** 
CFRP sheets 
𝐸𝑓  = 73 GPa 
𝑓𝑓𝑢 = 949 MPa 
𝜀𝑓𝑢 = 1.3 % 
o FR 
o FR 
-48 
-42 
+52 
+59 
 Accelerated corrosion for 50 
days (8.7% tensile steel mass 
loss), no sustained load 
o No strengthening 
o Scheme 1 
o Scheme 2 
o CC 
o FR 
o FR 
-58 
-55 
-7 
+52 
+50 
 Accelerated corrosion with 
sustained load, No 
strengthening 
o 50 days (9.7% mass loss) 
o 110 days (15.4% mass loss) 
o 210 days (22.8% mass loss) 
o 310 days(30% mass loss) 
o CC 
o CC 
o CC 
o CC 
+27 
+105 
+103 
+93 
-12 
-13 
-15 
-24 
 Accelerated corrosion with 
sustained load, with 
strengthening, Scheme 1 
o 50 days (9.5% mass loss) 
o 110 days (15.7% mass loss) 
o 210 days (23.7% mass loss) 
o 310 days (31% mass loss) 
o FR 
o FR 
o FR 
o FR 
-36 
-51 
-42 
-41 
+67 
+71 
+59 
+72 
Barros et al. 
(2007) 
6 Beam 
 
R-sec 
 
𝑏 = 120 
ℎ = 170 
𝑙  = 900 
𝑑 = 155 
𝑐 = 15 
52 𝐴𝑠 = 39.27 mm
2 
(2 ∅ 5) 
 
𝐴𝑠
′  = 66.4 mm2 
(2 ∅ 6.5) 
 
𝜌𝑠 = 0.211 % 
 
𝑓𝑦 = 788 MPa 
 1 externally bonded CFRP 
strip 
     𝑡𝑓 = 1.4 mm, 𝑏𝑓 = 9.6 mm 
     𝑙𝑓 = 900 mm, 𝜌𝑓 = 0.066 % 
CFRP strips 
𝐸𝑓  = 158.8 GPa 
𝑓𝑓𝑢 = 2740 MPa 
𝜀𝑓𝑢 = 1.7 % 
o FD - 7 5 
 Wet lay-up CFRP sheets,  
1 layer 
    𝑡𝑓 = 0.111 mm, 𝑏𝑓 = 80 mm 
    𝑙𝑓 = 900 mm, 𝜌𝑓 = 0.044 % 
CFRP sheets 
𝐸𝑓  = 240 GPa 
𝑓𝑓𝑢 = 3700 MPa 
𝜀𝑓𝑢 = 1.5 % 
o FR + 21 17 
* Strengthening scheme 1: one CFRP sheet was bonded to the tension face of the beam with continuous U-wraps at the middle 1,500 mm of the beam  
** Strengthening scheme 2: one CFRP sheet was bonded to the tension face of the beam with five U-wraps distributed over the middle 1,500 mm of the beam 
1
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Table 2.1 (Cont.): Previous studies on strengthening of simply-supported RC structures with EB-FRP composites 
Reference 
No. of 
specimens 
Concrete 
Flexural steel 
properties c 
Strengthening system 
Failure mode 
Change in 
ductility 
index  ∆𝝁 
f  
(%) 
Strength 
gain 
(%) Type 
Geometry a 
(mm) 
𝒇𝒄
′  b 
(MPa) 
Regime d Properties e 
Barros et al. 
(2007) 
6 Beam 
 
R-sec 
 
𝑏 = 120 
ℎ = 170 
𝑙  = 900 
𝑑 = 155 
𝑐 = 15 
52 𝐴𝑠 = 66.4 mm
2 
(2 ∅ 6.5) 
 
𝐴𝑠
′  = 66.4 mm2 
(2 ∅ 6.5) 
 
𝜌𝑠 = 0.357 % 
 
𝑓𝑦 = 627 MPa 
 2 externally bonded CFRP 
strips 
    𝑡𝑓 = 1.4 mm, 𝑏𝑓 = 9.6 mm 
    𝑙𝑓 = 1400 mm, 𝜌𝑓 = 0.132 % 
CFRP strips 
𝐸𝑓  = 158.8 GPa 
𝑓𝑓𝑢 = 2740 MPa 
𝜀𝑓𝑢 = 1.7 % 
o FD - 22 72 
 Wet lay-up CFRP sheets,  
2 layers 
    𝑡𝑓 = 0.111 mm, 𝑏𝑓 = 80 mm 
    𝑙𝑓 = 900 mm, 𝜌𝑓 = 0.088 % 
CFRP sheets 
𝐸𝑓  = 240 GPa 
𝑓𝑓𝑢 = 3700 MPa 
𝜀𝑓𝑢 = 1.5 % 
o FR - 36 64 
6 𝐴𝑠 = 99.6 mm
2 
(3 ∅ 6.5) 
 
𝐴𝑠
′  = 66.4 mm2 
(2 ∅ 6.5) 
 
𝜌𝑠 = 0.535 % 
 
𝑓𝑦 = 627 MPa 
 3 externally bonded CFRP 
strips 
    𝑡𝑓 = 1.4 mm, 𝑏𝑓 = 9.6 mm 
    𝑙𝑓 = 1400 mm, 𝜌𝑓 = 0.198 % 
CFRP strips 
𝐸𝑓  = 158.8 GPa 
𝑓𝑓𝑢 = 2740 MPa 
𝜀𝑓𝑢 = 1.7 % 
o CS - 26 20 
 Wet lay-up CFRP sheets,  
3 layers 
   𝑡𝑓 = 0.111 mm, 𝑏𝑓 = 80 mm 
   𝑙𝑓 = 900 mm, 𝜌𝑓 = 0.132 % 
CFRP sheets 
𝐸𝑓  = 240 GPa 
𝑓𝑓𝑢 = 3700 MPa 
𝜀𝑓𝑢 = 1.5 % 
o CS - 2 22 
Benjeddou et 
al. (2007) 
8 Beam 
 
R-sec 
 
𝑏 = 120 
ℎ = 150 
𝑙  = 1800 
𝑑 = 130 
𝑐 = 20 
21 𝐴𝑠 = 157 mm
2 
(2 ∅ 10) 
 
𝐴𝑠
′  = 101 mm2 
(2 ∅ 8) 
 
𝜌𝑠 = 1.006 % 
 
𝑓𝑦 = 400 MPa 
 1 externally bonded CFRP strip 
    𝑡𝑓 = 1.2 mm, 𝑏𝑓 =  100 mm 
    𝜌𝑓 = 0.667 % 
 Damage level: 0, 80, 90, 100% 
CFRP strips 
𝐸𝑓  = 165 GPa 
𝑓𝑓𝑢 = 2800 MPa 
𝜀𝑓𝑢 = 1.7 % 
o CS Rigidity % * 
206 
207 
189 
147 
87 
76 
50 
44 
 1 externally bonded CFRP strip 
    𝑡𝑓 = 1.2 mm, 𝑏𝑓 =  50 mm 
𝜌𝑓 = 0.333 % 
 Damage level: 90% 
o FD Rigidity % * 
137 
41 
38  1 externally bonded CFRP strip 
    𝑡𝑓 = 1.2 mm, 𝑏𝑓 =  100 mm 
    𝜌𝑓 = 0.667 % 
 Damage level: 90% 
o FD Rigidity % * 
289 
56 
* Rigidity % was provided by the author instead of ductility because of the damage state and previous yielding of tensile steel.  1
8
 
  
Table 2.1 (Cont.): Previous studies on strengthening of simply-supported RC structures with EB-FRP composites 
Reference 
No. of 
specimens 
Concrete 
Flexural steel 
properties c 
Strengthening system 
Failure mode 
Change in 
ductility 
index  ∆𝝁 
f  
(%) 
Strength 
gain 
(%) Type 
Geometry a 
(mm) 
𝒇𝒄
′  b 
(MPa) 
Regime d Properties e 
Esfahani et 
al. (2007) 
4 Beam 
 
R-sec 
𝑏 = 150 
ℎ = 200 
𝑙  = 1800 
𝑑 = 275 
𝑐 = 25 
25 𝐴𝑠 = 226.2 mm
2 
(2 ∅ 12) 
 
𝐴𝑠
′  =157 mm2 
(2 ∅ 10) 
 
𝜌𝑠 = 0.862 % 
 
𝑓𝑦 = 400 MPa 
 Wet lay-up CFRP sheets, 
𝑡𝑓 = 0.176 mm, 𝑏𝑓 =  150 mm 
𝜌𝑓 = 0.088 - 0.264 % 
 
o 1, 2, 3 layers 
CFRP sheets 
𝐸𝑓   = 237 GPa 
𝑓𝑓𝑢 = 2845 MPa 
𝜀𝑓𝑢 = 1.2 % 
o 1 layer, FR 
 
 
o 2 and 3 
layers, CS 
+ 1 
- 47 
-52 
24 
43 
51 
4 24 𝐴𝑠 = 402.2 mm
2 
(2 ∅ 16) 
 
𝐴𝑠
′  =157 mm2 
(2 ∅ 10) 
 
𝜌𝑠 = 1.532 % 
 
𝑓𝑦 = 406 MPa 
 Wet lay-up CFRP sheets, 
𝑡𝑓 = 0.176 mm, 
 
o 1 layer 
𝑏𝑓 =  100 mm, 𝜌𝑓 = 0.059 % 
 
o 1, 2 layers  
𝑏𝑓 =  150 mm  
𝜌𝑓 = 0.088 - 0.176 % 
o FR -27 
-26 
-31 
12 
25 
39 
4 24 𝐴𝑠 = 628.3 mm
2 
(2 ∅ 20) 
 
𝐴𝑠
′  =157 mm2 
(2 ∅ 10) 
 
𝜌𝑠 = 2.393 % 
 
𝑓𝑦 = 350 MPa 
 Wet lay-up CFRP sheets, 
𝑡𝑓 = 0.176 mm, 
 
o 1 layer  
𝑏𝑓 =  100 mm, 𝜌𝑓 = 0.059 % 
 
o 1, 2 layers  
𝑏𝑓 =  150 mm  
𝜌𝑓 = 0.088 - 0.176 % 
o 1 layer, FR 
 
o 2 layers, IC 
 
o 3 layers, CDC 
0 
+ 12 
+41 
10 
13 
18 
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Table 2.1 (Cont.): Previous studies on strengthening of simply-supported RC structures with EB-FRP composites 
Reference 
No. of 
specimens 
Concrete 
Flexural steel 
properties c 
Strengthening system 
Failure mode 
Change in 
ductility 
index  ∆𝝁 
f  
(%) 
Strength 
gain 
(%) Type 
Geometry a 
(mm) 
𝒇𝒄
′  b 
(MPa) 
Regime d Properties e 
El 
Maaddawy 
and Soudki 
(2008) 
6 Slab 𝑏 = 500 
ℎ = 100 
𝑙  = 1500 
𝑑 = 80 
𝑐 = 20 
28 𝐴𝑠 = 235.6 mm
2 
(3 ∅ 10) 
 
𝐴𝑠
′  = N/A 
 
𝜌𝑠 = 0.589 % 
 
𝑓𝑦 = 440 MPa 
 1 externally bonded CFRP 
strip 
    𝑡𝑓 = 1.2 mm, 𝑏𝑓 =  50 mm 
    𝑙𝑓 = 1500 mm, 𝜌𝑓 = 0.12 % 
CFRP strips 
𝐸𝑓  = 155 GPa 
𝑓𝑓𝑢 = 3100 MPa 
𝜀𝑓𝑢 = 1.90 % 
o w/o anchor, 
FD 
o w/ anchor, 
CC 
- 50 
- 15 
46 
62 
 Mechanically anchored 
CFRP strip with varying 
anchor amounts 
 
    𝑡𝑓 = 1.2 mm, 𝑏𝑓 =  50 mm 
    𝑙𝑓 = 1500 mm, 𝜌𝑓 = 0.12 % 
o CC 
o CC 
o CC 
-15 
-19 
-33 
20 
44 
37 
Balamuralik
rishnan and 
Jeyasehar 
(2009) 
6 Beam 
 
R-sec 
𝑏 = 125 
ℎ = 250 
𝑙  = 3000 
𝑑 = 230 
𝑐 = 20 
28 𝐴𝑠 = 226.2 mm
2 
(2 ∅ 12) 
 
𝐴𝑠
′  =157 mm2 
(2 ∅ 10) 
 
𝜌𝑠 = 0.787 % 
 
𝑓𝑦 = 512 MPa 
 Wet lay-up CFRP sheets, 
    𝑡𝑓 = 0.3 mm, 𝑏𝑓 =  125 mm 
    𝜌𝑓 = 0.120 - 0.240 % 
 
o 1, 2 layers, static load 
CFRP sheets 
𝐸𝑓  = 285 GPa 
𝑓𝑓𝑢 = 3500 MPa 
𝜀𝑓𝑢 = 1.5 % 
o CC 
o CC 
 
+ 6 
+ 17 
22 
46 
o 1, 2 layers, cyclic load 
 
 
o CC 
o CC 
+ 12 
+ 22 
20 
44 
Lee et al. 
(2009) 
4 Beam 
 
R-sec 
𝑏 = 150 
ℎ = 200 
𝑙  = 1420 
𝑑 = 160 
𝑐 = 40 
29 𝐴𝑠 = 265.5 mm
2 
(2 ∅ 13) 
 
𝐴𝑠
′  = 127.2 mm2 
(2 ∅ 9) 
 
𝜌𝑠 = 1.106 % 
 
𝑓𝑦 = 511 MPa 
 Mechanically anchored 
CFRP strips with different 
nails sizes and numbers 
 
   𝑡𝑓 = 3.0 mm, 𝑏𝑓 = 25 mm 
 𝑙𝑓 = 1400 mm, 𝜌𝑓 = 0.250 %  
Pultruded FRP 
Multi-directional 
𝐸𝑓  = 68.3 GPa 
𝑓𝑓𝑢 = 848 MPa 
𝜀𝑓𝑢 = 1.24 % 
o Nail rotation 
and bearing 
damage 
- 33 
- 40 
- 5 
Ultimate 
moment* 
23 
35 
35 
* Increase in ultimate moment was provided instead of ultimate load 
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Table 2.1 (Cont.): Previous studies on strengthening of simply-supported RC structures with EB-FRP composites 
Reference 
No. of 
specimens 
Concrete 
Flexural steel 
properties c 
Strengthening system 
Failure mode 
Change in 
ductility 
index  ∆𝝁 
f  
(%) 
Strength 
gain 
(%) Type 
Geometry a 
(mm) 
𝒇𝒄
′  b 
(MPa) 
Regime d Properties e 
Ceroni 
(2010) 
5 Beam 
 
R-sec 
𝑏 = 100 
ℎ = 180 
𝑙  = 2000 
𝑑 = 150 
𝑐 = 30 
29 𝐴𝑠 = 157 mm
2 
(2 ∅ 10) 
 
𝐴𝑠
′  = 101 mm2 
(2 ∅ 8) 
 
𝜌𝑠 = 1.05 % 
 
𝑓𝑦 = 452 MPa 
 Wet lay-up CFRP sheet, 
    𝑡𝑓 = 0.167 mm  
    𝑏𝑓 = 100 mm 
    𝜌𝑓 = 0.093 - 0.186 % 
 
o 1, 2 layers (w/o U-wraps) 
 
o 1 layer (U-wraps distributed 
along the sheet) 
 
o 1 layer (U-wraps at ends) 
 
CFRP sheets 
𝐸𝑓   = 230 GPa 
𝑓𝑓𝑢 = 3450 MPa 
𝜀𝑓𝑢 = 1.50 % 
o CC 
o ED 
o CC 
o FR 
-19 
-23 
+45 
+16 
26 
35 
51 
39 
5 𝑙  = 1800 𝐴𝑠 = 226 mm
2 
(2 ∅ 12) 
 
𝜌𝑠 = 1.51 % 
 
𝑓𝑦 = 441 MPa 
o ED 
o ED 
o CC 
o FR 
-20 
-50 
+1 
+2 
18 
16 
25 
30 
Hussein and 
Fawzy 
(2010) 
6 Slab 𝑏 = 500 
ℎ = 100 
𝑙  = 1300 
𝑑 = 80 
𝑐 = 20 
25 𝐴𝑠 = 314.2 mm
2 
(4 ∅ 10) 
 
𝐴𝑠
′  = N/A 
 
𝜌𝑠 = 0.786 % 
 
𝑓𝑦 = 440 MPa 
 Not corroded  
 
o 2 externally bonded CFRP 
strips without FRP anchors 
 
o 2 externally bonded CFRP 
strips with FRP anchors 
CFRP strips 
𝐸𝑓  = 165 GPa 
𝑓𝑓𝑢 = 2800 MPa 
𝜀𝑓𝑢 = 1.70 %  
 
𝑡𝑓 = 1.2 mm 
𝑏𝑓 = 12.5 mm 
𝑙𝑓 = 1200 mm 
𝜌𝑓 = 0.06 % 
o FD -68 
-61 
34 
62 
 Corroded (9% steel loss) 
 
o 2 externally bonded CFRP 
strips without FRP anchors 
 
o 2 externally bonded CFRP 
strips with FRP anchors  
-69 
-63 
15 
38 
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Table 2.1 (Cont.): Previous studies on strengthening of simply-supported RC structures with EB-FRP composites 
Reference 
No. of 
specimens 
Concrete 
Flexural steel 
properties c 
Strengthening system 
Failure mode 
Change in 
ductility 
index  ∆𝝁 
f  
(%) 
Strength 
gain 
(%) Type 
Geometry a 
(mm) 
𝒇𝒄
′  b 
(MPa) 
Regime d Properties e 
Rasheed et 
al. (2010) 
3 Beam 
 
R-sec 
𝑏 = 254 
ℎ = 457 
𝑙  = 4720 
𝑑 = 413 
𝑐 = 44 
35 𝐴𝑠 = 1134 mm
2 
(4 ∅19) 
 
𝐴𝑠
′  = 127 mm2 
(2 ∅9) 
 
𝜌𝑠 = 1.081 % 
 
𝑓𝑦1 = 576 MPa 
𝑓𝑦2 = 477 MPa 
 Wet lay-up CFRP sheets, 
2 layers, with U-wraps 
    𝑡𝑓 = 0.165 mm, 𝑏𝑓  = 559 mm 
    𝑙𝑓 = 4570 mm, 𝜌𝑓 = 0.072 % 
CFRP sheets 
𝐸𝑓   = 231 GPa 
𝑓𝑓𝑢 = 3080 MPa 
𝜀𝑓𝑢 = 1.40 % 
 FD with FR -10 51 
 Wet lay-up SRP sheets,  
1 layer, with U-wraps 
    𝑡𝑓 = 0.44 mm, 𝑏𝑓 = 254 mm 
   𝑙𝑓 = 4720 mm, 𝜌𝑓 = 0.096 % 
SRP sheets * 
𝐸𝑠  = 207 GPa 
𝑓𝑠𝑢 = 3170 MPa 
𝜀𝑓𝑢 = 1.53 % 
 FR -22 50 
El-Ghandour 
(2011) 
2 Beam 
 
R-sec 
𝑏 = 120 
ℎ = 300 
𝑙  = 1800 
𝑑 = 270 
𝑐 = 30 
40 𝐴𝑠 = 603.2 mm
2 
(3 ∅ 16) 
 
𝐴𝑠
′  =101 mm2 
(2 ∅ 8) 
 
𝜌𝑠 = 1.86 % 
 
𝑓𝑦 = 400 MPa 
 Wet lay-up CFRP sheet,  
1 layer  
U-wraps at ends 
    𝑡𝑓 = 0.176 mm, 𝑏𝑓  = 100 mm 
    𝑙𝑓 = 1700 mm, 𝜌𝑓 = 0.048 % 
CFRP sheets 
𝐸𝑓   = 240 GPa 
𝑓𝑓𝑢 = 3800 MPa 
𝜀𝑓𝑢 = 1.55 % 
 FR - 6 10 
2 𝐴𝑠 = 804.3 mm
2 
(4 ∅ 16) 
 
𝐴𝑠
′  =157 mm2 
(2 ∅ 10) 
 
𝜌𝑠 = 2.48 % 
 
𝑓𝑦 = 400 MPa 
 Wet lay-up CFRP sheet,  
1 layer 
U-wraps distributed along the 
sheet 
    𝑡𝑓 = 0.176 mm, 𝑏𝑓  = 100 mm 
    𝑙𝑓 = 1700 mm, 𝜌𝑓 = 0.048 % 
 Combined 
flexure-
shear 
+ 30 24 
* SRP = steel reinforced polymer 
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Table 2.1 (Cont.): Previous studies on strengthening of simply-supported RC structures with EB-FRP composites 
Reference 
No. of 
specimens 
Concrete 
Flexural steel 
properties c 
Strengthening system 
Failure mode 
Change in 
ductility 
index  ∆𝝁 
f  
(%) 
Strength 
gain 
(%) Type 
Geometry a 
(mm) 
𝒇𝒄
′  b 
(MPa) 
Regime d Properties e 
Obaidat et 
al. (2011) 
8 Beam 
 
R-sec 
𝑏 = 150 
ℎ = 300 
𝑙  = 1560 
𝑑 = 275 
𝑐 = 25 
29 𝐴𝑠 = 226.2 mm
2 
(2 ∅ 12) 
𝐴𝑠
′  =157 mm2 
(2 ∅ 10) 
𝜌𝑠 = 0.548 % 
𝑓𝑦 = 495 MPa 
 1 externally bonded strip  
    𝑡𝑓 = 1.2 mm, 𝑏𝑓 =  50 mm 
  𝜌𝑓 = 0.133 % 
o 𝑙𝑓 =  1560 mm 
o 𝑙𝑓 =  1040 mm 
o 𝑙𝑓 =  520 mm 
CFRP strips 
𝐸𝑓  = 165 GPa 
𝑓𝑓𝑢 = 2640 MPa 
𝜀𝑓𝑢 = 1.54 % 
 FD +6 
-2 
+11 
41 
20 
9 
Wu et al. 
(2011)  * 
10 Beam 
 
R-sec 
𝑏 = 300 
ℎ = 150 
𝑙  = 2000 
𝑑 = 120 
𝑐 = 30 
56 𝐴𝑠 = 157 mm
2 
(2 ∅ 10) 
 
𝐴𝑠
′  = 101 mm2 
(2 ∅ 8) 
 
𝜌𝑠 = 0.436 % 
 
𝑓𝑦 = 335 MPa 
 Wet lay-up CFRP sheets 
2 layers 
 Mechanically anchored 
CFRP sheets 
o 2 layers, with anchor spacing 
 100, 150 mm 
o 3 layers, with anchor spacing 
 100, 150, 200 mm 
o 4 layers, with anchor spacing 
 100, 150, 200 mm 
CFRP sheets 
𝐸𝑓  = 242 GPa 
𝑓𝑓𝑢 = 3719 MPa 
𝜀𝑓𝑢 = 1.537 %  
 
𝑡𝑓 = 0.167 mm 
𝑏𝑓 =  50 mm   
 
 CC 
 
 FR 
Ultimate Δ 
ratio 
22 
27 
47 
43 
99 
72 
91 
96 
71 
138 
166 
193 
168 
209 
251 
267 
282 
10 𝐴𝑠 = 235.5 mm
2 
(3 ∅ 10) 
 
𝜌𝑠 = 0.654 % 
 Wet lay-up CFRP sheets 
2 layers 
 Mechanically anchored 
CFRP sheets 
o 2 layers, with anchor spacing 
 100, 150 mm 
o 3 layers, with anchor spacing 
 100, 150, 200 mm 
o 4 layers, with anchor spacing 
 100, 150, 200 mm 
 CC 
 
 FR 
Ultimate Δ 
ratio 
4 
44 
61 
53 
58 
61 
101 
87 
38 
82 
100 
124 
133 
143 
176 
215 
192 
 
2 𝑏 = 400 
ℎ = 200 
𝑙  = 2660 
𝑑 = 170 
𝑐 = 30 
𝐴𝑠 = 78.5 mm
2 
(1 ∅ 10) 
 
𝜌𝑠 = 0.115 % 
 Mechanically anchored 
CFRP sheets, with anchor 
spacing 100 mm 
o 6 layers,     
o 7 layers 
 FR N/A 788 
967 
* the author did not report the deflection response for the control specimens. Only ultimate deflection ratios with respect to that of the specimen strengthened with wet lay-up EB-CFRP sheets 
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Table 2.1 (Cont.): Previous studies on strengthening of simply-supported RC structures with EB-FRP composites 
Reference 
No. of 
specimens 
Concrete 
Flexural steel 
properties c 
Strengthening system 
Failure mode 
Change in 
ductility 
index  ∆𝝁 
f  
(%) 
Strength 
gain 
(%) Type 
Geometry a 
(mm) 
𝒇𝒄
′  b 
(MPa) 
Regime d Properties e 
Al-Rousan 
et al. (2012) 
3 Slab 𝑏 = 600 
ℎ = 125 
𝑙  = 2440 
𝑑 = 100 
𝑐 = 25 
55 𝐴𝑠 = 633.4 mm
2 
(5 ∅ 13) 
 
𝐴𝑠
′  = N/A 
 
𝜌𝑠 = 1.056 % 
 
𝑓𝑦 = 410 MPa 
 Wet lay-up CFRP sheets, 
    𝑡𝑓 = 0.165 mm 
 
o 2 layers, 𝑏𝑓 =  600 mm 
𝜌𝑓 = 0.264 % 
 
o 3 groups of CFRP sheets, 
each group have 6 layers 
𝑏𝑓 = 150 mm, 𝜌𝑓 = 0.594 % 
CFRP sheets 
𝐸𝑓  = 228 GPa 
𝑓𝑓𝑢 = 4275 MPa 
𝜀𝑓𝑢 = 1.7 % 
o Partial FR 
followed by 
CC 
-28 
-28 
117 
166 
4  Externally bonded CFRP 
strips 
 
o 3 strips distributed over the 
width of the specimen 
𝜌𝑓 = 0.480 % 
 
o 4 strips distributed over the 
width of the specimen 
𝜌𝑓 = 0.640 % 
 
o 5 strips distributed over the 
width of the specimen 
𝜌𝑓 = 0.800 % 
CFRP strips 
𝐸𝑓  = 165 GPa 
𝑓𝑓𝑢 = 3030 MPa 
𝜀𝑓𝑢 = 1.7 % 
 
𝑡𝑓 = 1.2 mm 
𝑏𝑓 =  100 mm 
o Partial FD 
followed by 
CC 
-41 
-52 
-58 
113 
87 
119 
1 𝐴𝑠 = 235.5 mm
2 
(3 ∅ 10) 
 
𝐴𝑠
′  = N/A 
 
𝜌𝑠 = 0.393 % 
 
𝑓𝑦 = 410 MPa 
 Wet lay-up CFRP sheets, 
    𝑡𝑓 = 0.165 mm 
 
o 3 groups of CFRP sheets, 
each group have 3 sheets  
𝑏𝑓 = 150 mm, 𝜌𝑓 = 0.297 % 
CFRP sheets 
𝐸𝑓  = 228 GPa 
𝑓𝑓𝑢 = 4275 MPa 
𝜀𝑓𝑢 = 1.7 % 
o CC -45 43 
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Table 2.1 (Cont.): Previous studies on strengthening of simply-supported RC structures with EB-FRP composites 
Reference 
No. of 
specimens 
Concrete 
Flexural steel 
properties c 
Strengthening system 
Failure mode 
Change in 
ductility 
index  ∆𝝁 
f  
(%) 
Strength 
gain 
(%) Type 
Geometry a 
(mm) 
𝒇𝒄
′  b 
(MPa) 
Regime d Properties e 
Attari et al. 
(2012) 
4 Beam 
 
R-sec 
𝑏 = 100 
ℎ = 160 
𝑙  = 1300 
𝑑 = 140 
𝑐 = 20 
39 𝐴𝑠 = 157 mm
2 
(2 ∅ 10) 
 
𝐴𝑠
′  =101 mm2 
(2 ∅ 8) 
 
𝜌𝑠 = 1.532 % 
 
𝑓𝑦 = 500 MPa 
 Wet lay-up CFRP sheets, 
1 layer, U-wrap provided 
    𝑡𝑓 = 1.5 mm, 𝑏𝑓 =  100 mm 
    𝑙𝑓 = 1300 mm, 𝜌𝑓 = 0.938 % 
CFRP sheets 
𝐸𝑓   = 43.5 GPa 
𝑓𝑓𝑢 = 403 MPa 
𝜀𝑓𝑢 = 0.926 % 
o CC  -26 114 
 Wet lay-up GFRP sheets, 
2 layers, U-wrap provided 
    𝑡𝑓 = 2 mm, 𝑏𝑓 =  100 mm 
    𝑙𝑓 = 1300 mm, 𝜌𝑓 = 1.25 % 
GFRP sheets 
𝐸𝑓   = 19.2 GPa 
𝑓𝑓𝑢 = 325 MPa 
𝜀𝑓𝑢 = 1.7 % 
o CC  -20 117 
 Wet lay-up combined 1 layer 
CFRP, 1 layer GFRP sheet 
U-wrap provided 
    𝑡𝑓 = 3.5 mm, 𝑏𝑓 =  100 mm 
    𝑙𝑓 = 1300 mm, 𝜌𝑓 = 2.188 % 
Combined CFRP-
GFRP sheets 
𝐸𝑓   = 28 GPa 
𝑓𝑓𝑢 = 400 MPa 
𝜀𝑓𝑢 = 2.1 % 
o CC -11 138 
Sena-Cruz 
et al. (2012) 
3 Beam 
 
R-sec 
 
𝑏 = 200 
ℎ = 300 
𝑙  = 2000 
𝑑 = 280 
𝑐 = 20 
53 𝐴𝑠 = 236 mm
2 
(3 ∅ 10) 
 
𝐴𝑠
′  =157 mm2 
(2 ∅ 10) 
 
𝜌𝑠 = 0.421 % 
 
𝑓𝑦 = 455 MPa 
 2 externally bonded CFRP 
strips,   
    𝑡𝑓 = 1.41 mm, 𝑏𝑓 = 30 mm 
     𝑙𝑓 = 1400 mm, 𝜌𝑓 = 0.141 % 
CFRP strip 
Unidirectional 
𝐸𝑓  = 158 GPa 
𝑓𝑓𝑢 = 2435 MPa 
𝜀𝑓𝑢 = 1.5 % 
o FD -70 37 
 2 externally bonded CFRP 
strips  
 With mechanical fasteners at 
100 mm spaces 
    𝑡𝑓 = 2.07 mm, 𝑏𝑓 = 30 mm 
    𝑙𝑓 = 1400 mm, 𝜌𝑓 = 0.207 % 
CFRP strips 
Multi-directional 
𝐸𝑓  = 118 GPa 
𝑓𝑓𝑢 = 1866 MPa 
𝜀𝑓𝑢 = 1.58 % 
o FRP bearing -27 87 
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Table 2.1 (Cont.): Previous studies on strengthening of simply-supported RC structures with EB-FRP composites 
Reference 
No. of 
specimens 
Concrete 
Flexural steel 
properties c 
Strengthening system 
Failure mode 
Change in 
ductility 
index  ∆𝝁 
f  
(%) 
Strength 
gain 
(%) Type 
Geometry a 
(mm) 
𝒇𝒄
′  b 
(MPa) 
Regime d Properties e 
Dong et al. 
(2013) 
6 Beam 
 
R-sec 
𝑏 = 150 
ℎ = 250 
𝑙  = 1500 
𝑑 = 225 
𝑐 = 25 
22 𝐴𝑠 = 157 mm
2 
(2 ∅ 10) 
 
𝐴𝑠
′  =101 mm2 
(2 ∅ 8) 
 
𝜌𝑠 = 0.465 % 
 
𝑓𝑦 = 340 MPa 
 Wet lay-up CFRP sheets, 
With U-wraps at ends 
   𝑡𝑓 = 0.111 mm, 𝑏𝑓  =  100 mm 
 𝑙𝑓 =  1500 mm 
 
o 1 layer, 𝜌𝑓 = 0.0296 % 
 
o 2 layers, 𝜌𝑓 = 0.0592 % 
CFRP sheets 
𝐸𝑓  = 242 GPa 
𝑓𝑓𝑢 = 4103 MPa 
𝜀𝑓𝑢 = 1.7 % 
o FR followed 
by CC  
 
o FR followed 
by CC 
-11 
-53 
42 
73 
𝐴𝑠 = 308 mm
2 
(2 ∅ 14) 
 
𝜌𝑠 = 0.913 % 
 
𝑓𝑦 = 410 MPa 
 Wet lay-up CFRP sheets, 
2 layers  
With U-wraps at ends 
 
   𝑡𝑓 = 0.111 mm 
   𝑏𝑓 =  100 mm 
 𝑙𝑓 =  1500 mm 
   𝜌𝑓 = 0.0592 % 
o FD followed 
by CC 
-37 125 
ℎ = 300 
𝑑 = 275 
𝑐 = 25 
𝐴𝑠 = 157 mm
2 
(2 ∅ 10) 
 
𝜌𝑠 = 0.381 % 
 
𝑓𝑦 = 340 MPa 
o FR -57 77 
ℎ = 250 
𝑑 = 215 
𝑐 = 35 
𝐴𝑠 = 157 mm
2 
(2 ∅ 10) 
 
𝜌𝑠 = 0.487 % 
 
𝑓𝑦 = 340 MPa 
o FD followed 
by CC 
-48 48 
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Table 2.1 (Cont.): Previous studies on strengthening of simply-supported RC structures with EB-FRP composites 
Reference 
No. of 
specimens 
Concrete 
Flexural steel 
properties c 
Strengthening system 
Failure mode 
Change in 
ductility 
index  ∆𝝁 
f  
(%) 
Strength 
gain 
(%) Type 
Geometry a 
(mm) 
𝒇𝒄
′  b 
(MPa) 
Regime d Properties e 
Mostafa and 
Razaqpur 
(2013) 
21 Beam 
 
T-Sec 
𝑏fl = 500 
𝑏𝑤 = 250 
ℎ = 400 
ℎ𝑓 = 100 
𝑙  = 4500 
𝑑 = 250 
𝑐 = 50 
55 𝐴𝑠 = 603.2 mm
2 
(3 ∅ 16) 
 
𝐴𝑠
′  = 265.5 mm2 
(2 ∅ 13) 
 
𝜌𝑠 = 0.483 % 
 
𝑓𝑦 = 456 MPa 
 Wet lay-up CFRP sheets,  
   𝑡𝑓 = 0.165 mm, 𝑙𝑓 = 4140 mm 
 
o 1 layer, 𝑏𝑓 = 220 mm 
 No anchor 
 3 anchors at ends 
 
o 2 layers, 𝑏𝑓 = 220 mm 
 No anchor 
 3 anchors at ends 
 
o 4 layers, 𝑏𝑓 = 220 mm 
 anchors at different spaces 
 
o 4 layers, 𝑏𝑓 = 90 mm 
 anchors at different spaces 
 
o 8 layer, 𝑏𝑓 = 90 mm 
 anchors at different spaces 
CFRP sheets 
𝐸𝑓  = 227 GPa 
𝑓𝑓𝑢 = 3800 MPa 
𝜀𝑓𝑢 = 1.67 % 
o 1 layer, FR 
 
o 2 layers, IC 
 
o 4 layers 220, 
IC 
 
o 4 layers 90, 
IC and FR 
 
o 8 layers, IC 
and FR 
 
 
 
o 1 layer  
- 43 
 
o 2 layers 
- 49 
 
o 4 layers  
- 60 
 
o 4 layers 
- 50 
 
o 8 layers 
- 53 
o 1 layer  
13 
 
o 2 layers 
25 
 
o 4 layers  
40 
 
o 4 layers 
24 
 
o 8 layers 
46 
Notations: 
R-sec: rectangular section, T-sec: T-section, 𝒃: width of the beam/slab, 𝒃fl: flange 
width, 𝒃𝒘: web width, 𝒉: height of beam/slab, 𝒉𝒇: flange depth, 𝒍: span length, 𝒅 = 
depth from compression fiber to tension steel, 𝒄 = concrete cover 
Failure modes: 
CC: concrete crushing, CS: cover separation, IC: intermediate crack debonding, 
CDC: critical diagonal crack debonding, ED: end debonding, , FR: tensile (FRP) 
rupture, SY: steel yielding, FD: fiber (FRP) debonding, SF: shear failure 
a In some studies, the dimensions were converted to the SI units 
b In some studies, the cube compressive strength was converted to cylinder compressive strength using fc’ = 0.85 fcu 
c ρs = As / bd; where ρs is tensile steel ratio, As is tensile steel area, b is concrete width, d is the concrete height minus the concrete cover under the tensile steel 
d ρf = Af / bh; where ρf is FRP ratio, Af is FRP area, b is concrete width, h is the concrete height 
e In some studies, the ultimate FRP strain was not provided by the author and was calculated using ɛfu = ffu / Ef  
f  positive value indicates an increase in the ductility whereas a negative value indicates a decrease in the ductility of the specimen with respect to that of the control 
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2.2.2 Strengthening with Near-Surface-Mounted Composites 
The NSM-FRP technique is commonly used for strengthening of RC structures 
as an alternative to overcome the premature debonding of the FRP in the EB-FRP 
system. The parameters affecting the structural response of simply-supported RC 
flexural elements strengthened with NSM-FRP composites are discussed in this 
section. 
2.2.2.1 Effect of Type of Composites 
Table 2.2 shows that the carbon fiber-reinforced polymers (CFRP) have been 
adopted in most of previous studies on strengthening with NSM composites. Glass 
fiber-reinforced polymers (GFRP) come in second place as the most popular 
composite material used in previous investigations then followed by stainless steel or 
conventional steel rods. The embedment of the composite reinforcement in the 
concrete cover in the NSM technique encouraged some researchers to use different 
materials with different shapes in strengthening applications. The use of one 16 mm 
GFRP rod and five GFRP plates in flexural strengthening of T-shaped RC beams 
increased the flexural strength by approximately 99% and 85%, respectively, and 
increased the ductility index by 7% and 8%, respectively (El-Hacha and Rizkalla 2004; 
El-Hacha et al. 2005). Debonding of the GFRP plates was the dominate mode of 
failure.   
Rasheed et al. (2010) used three stainless steel rods each having a diameter of 
13 mm in strengthening of RC beams. The specimen failed by concrete crushing and 
obtained a strength gain of 31% whereas the ductility decreased by 16%. Strength gain 
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of the specimen strengthened with stainless steel rods was 33% lower than that of a 
similar specimen strengthened with CFRP strips. 
Almusallam et al. (2013) used steel rods of diameter 10 and 14 mm and GFRP 
rods with a diameter of 10 mm in strengthening of RC beams. The steel strengthened 
specimens failed in a flexural mode of failure by concrete crushing whereas the 
specimen strengthened with GFRP rods failed by fiber rupture. The ratio of the area of 
the 10 mm steel rods and the 10 mm GFRP rods was equal at a value of 0.26%. The 
strengths gained by strengthening with 10 mm steel rods and 10 mm GFRP rods were 
4% and 11%, respectively, whereas the ductility index reduced by 7% and 4%, 
respectively. Using 14 mm steel rods in the NSM technique increased the strength gain 
to 42% and further decreased the ductility by 19%. The author reduced the amount of 
the tensile steel to half of that of the previous specimens which increased the strength 
gain by more than two-folds. The ductility of the specimen strengthened with higher 
amount of steel rods reduced significantly by almost 50% compared that of the control 
specimen while the ductility of the other strengthened specimens remained almost 
unchanged. 
2.2.2.2 Effect of Concrete Strength and Previous Damage 
The effect of concrete strength and previous damage on the flexural response 
of RC flexural elements strengthened with NSM-FRP composites has received little 
attention. Flexural strengthening with NSM-FRP composites was less effective in 
improving the flexural response of pre-damaged RC specimens than those without 
previous damage. Hussein and Fawzy (2010) induced accelerated corrosion in test 
specimens and later strengthened one specimen with two NSM-CFRP strips. The 
specimen failed by CFRP debonding and the strength gain of the corroded 
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strengthened specimen reduced by 41% with respect to that of the uncorroded 
strengthened specimen. The ductility of the strengthened specimens was 
approximately 60% lower than that of the uncorroded unstrengthened specimen.  
Test results for the study conducted by El-Maaddawy et al. (2012) showed that 
increasing the concrete strength from 25 MPa to 60 MPa changed the mode of failure 
from concrete crushing to concrete cover separation. The study showed that a 
specimen having a concrete strength of 25 MPa and strengthened with two NSM-
CFRP strips exhibited a strength gain of 74%. Increasing the concrete strength to 60 
MPa further increased the strength gain by 11%. For specimens strengthened with four 
NSM-FRP composites, increasing the concrete strength from 25 MPa to 60 MPa 
increased the strength gain by 39%. 
2.2.2.3 Effect of Internal Steel Reinforcement Ratio 
Many researchers investigated the effect of varying the amount of internal steel 
reinforcement on the flexural response of simply-supported RC elements strengthened 
with NSM composites. Previous studies concluded that the flexural strength gain 
decreased with an increase in the internal steel reinforcement ratio. Strengthened 
specimens having low amounts of internal steel and external composite reinforcements 
were vulnerable to fail by concrete cover separation. The ductility of the strengthened 
specimens were typically lower than that of similar unstrengthened specimens. Some 
researchers reported an increase in ductility after strengthening with NSM composite 
reinforcement.  
Barros and Fortes (2005) stated that a specimen with a low amount of tensile 
steel ratio of 0.37% strengthened with one NSM-CFRP strip had a strength gain of 
78% and a 17% increase in ductility. For a specimen with a tensile steel ratio of 0.97% 
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and strengthened with three NSM-CFRP strips, a 96% increase in the load capacity 
and a 34% reduction in the ductility were recorded. A specimen with a steel ratio of 
0.55% and strengthened with 2 NSM-CFRP strips had a load capacity of 92% higher 
than that of the control specimen but the ductility decreased by 10%. Increasing the 
tensile steel ratio by 25% to a value of 0.69% had insignificant effect on the strength 
gain but it increased the ductility to a value that was 16% higher than that of the control 
specimen.  
Barros et al. (2007) reported that using a very low amount of tensile steel ratio 
of 0.21% and strengthening with one NSM-CFRP strip resulted in a strength gain of 
approximately 118% and an almost no change in the ductility. Increasing the internal 
steel reinforcement ratio from 0.36% to 0.54% together with increasing the amount of 
NSM-CFRP strips from two to three strips decreased the strength gain from 92% to 
35%. Separation of the concrete cover started around the ends of the CFRP strips and 
was the dominant mode of failure. Increasing the internal steel ratio decreased the 
reduction in ductility due to strengthening from 45% to 22%.  
Ceroni (2010) reported that increasing the internal steel reinforcement ratio 
from 1% to 1.5% decreased the strength gain from 55% to 45% for RC beam 
specimens strengthened in flexure with one NSM-CFRP strip. The dominant mode of 
failure was concrete cover separation. Almusallam et al. (2013) reported an increase 
in the strength gain by approximately 50% when the amount of the tensile steel 
reinforcement was decreased by 50%.  
2.2.2.4 Effect of Amount of Composite Reinforcement  
The flexural strength gain typically increased and the ductility index tended to 
decrease as the amount of the NSM-FRP reinforcement increased. Results of the 
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majority of previous studies indicated that the additional strength gain was not 
proportional to the added amount of the NSM-FRP composites.  
Results of the study conducted by Yost et al. (2007) indicated that increasing 
the amount of the NSM-CFRP reinforcement from one to two strips increased the 
average strength gain from 11% to 43%. El-Maaddawy et al. (2012) reported that 
increasing the amount of NSM-CFRP strips from two to four increased the strength 
gain by 35%.  
2.2.2.5 Effect of Length of Composite Reinforcement 
The effect of varying the length of the composite reinforcement within the span 
has received little attention in the literature. Al-Mahmoud et al. (2010) indicated that 
covering 75% of the specimen clear span resulted in a 49% increase in the load 
capacity and 45% reduction in ductility compared with those of the control specimen. 
However, covering almost the whole span of the specimen increased the load capacity 
by approximately 82% and reduced the ductility index by only 9% with respect to 
those of the control specimen. Increasing the length of the CFRP rods changed the 
mode of failure from concrete cover separation to pull-out of CFRP rods. It should be 
noted that Al-Mahmoud et al. (2010) tested RC specimens with concrete dimensions 
of 150 x 280 x 2800 mm and a steel ratio of 0.6%. 
Ceroni (2010) tested RC beams with concrete dimensions of 100 x 180 x 2000 
mm, a steel ratio of 1.05%, and used CFRP rods with lengths of 2000 mm and 1600 
mm. The specimen strengthened with a 2000 mm long CFRP rod exhibited a strength 
gain of 55% and a ductility reduction of 44%. However, using shorter CFRP rods of 
1600 mm, surprisingly, resulted in a strength gain of 71% and an increase in the 
ductility index by 33% over that of the control specimen. 
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2.2.2.6 Effect of Inclusion of Anchorage Systems in Strengthening 
The effect of inclusion of anchorage systems on the flexural strength gain in 
NSM-FRP strengthened structural elements has received little attention in the 
literature. Concrete crushing was the most common mode of failure for specimens 
strengthened with NSM composites. Concrete cover separation is the second most 
observed mode of failure in RC flexural elements strengthened with NSM composites. 
El-Maaddawy et al. (2012) incorporated U-wraps distributed along the length of the 
NSM strips which resulted in an increase of approximately 14% in the strength gain.  
 
 
 
 
Table 2.2: Previous studies on strengthening of simply-supported RC structures with NSM-FRP composites 
Reference 
No. of 
specimens 
Concrete 
Flexural steel 
properties c 
Strengthening system 
Failure mode 
Change in 
ductility 
index  ∆𝝁 
f  
(%) 
Strength 
gain 
(%) Type 
Geometry a 
(mm) 
𝒇𝒄
′  b 
(MPa) 
Regime d Properties e 
Tan et al. 
(2003) 
2 Slab 𝑏 = 1000 
ℎ = 220 
𝑙  = 6000 
𝑑 = 190 
𝑐 = 30 
35 𝐴𝑠 = 688 mm
2 
(4 ∅ 13) 
(2 ∅ 10) 
𝐴𝑠
′  = 157 mm2 
(2 ∅ 10) 
𝜌𝑠 = 0.362 % 
𝑓𝑦 = 413.7 MPa 
 8 pultruded CFRP strips 
𝐴𝑓 = 112 mm
2  
𝑙𝑓 = 6000 mm   
𝜌𝑓 = 0.407% 
Pultruded CFRP 
𝐸𝑓  = 164 GPa 
𝑓𝑓𝑢 = 2900 MPa 
𝜀𝑓𝑢 = 1.8 % 
o FR + 68 330 
El-Hacha 
and 
Rizkalla 
(2004)  
 
and 
 
El-Hacha 
et al. 
(2005) 
6 Beam 
 
T-Sec 
𝑏fl = 300 
𝑏𝑤 = 150 
ℎ = 300 
ℎ𝑓 = 50 
𝑙  = 2500 
𝑑 = 250 
𝑐 = 50 
52 𝐴𝑠 = 668 mm
2 
(2 ∅ 13) 
(2 ∅ 16) 
 
𝐴𝑠
′  = 265.5 mm2 
(2 ∅ 13) 
 
𝜌𝑠 = 0.891 % 
 
𝑓𝑦 = 400 MPa 
 CFRP rods, (1 ∅ 10) 
   𝑑𝑓 = 9.5 mm, 𝐴𝑓 = 70.9 mm
2 
    𝑙𝑓 = 2700 mm, 𝜌𝑓 = 0.079 % 
CFRP rods 
𝐸𝑓  = 122.5 GPa 
𝑓𝑓𝑢 = 1408 MPa 
𝜀𝑓𝑢 = 1.14 %  
o FD - 17 69 
 GFRP rods, (1 ∅ 16) 
   𝐴𝑓 = 201 mm
2 
    𝑙𝑓 = 2700 mm 
   𝜌𝑓 = 0.223 % 
GFRP rods 
𝐸𝑓  = 40.8 GPa 
𝑓𝑓𝑢 = 655 MPa 
𝜀𝑓𝑢 = 1.61 %  
o FD + 7 99 
 2 pultruded CFRP strips  
   𝑡𝑓 = 2 mm, 𝑏𝑓 = 16 mm 
   𝑙𝑓 = 2700 mm, 𝜌𝑓 = 0.071 % 
Pultruded CFRP 
𝐸𝑓  = 140 GPa 
𝑓𝑓𝑢 = 1525 MPa 
𝜀𝑓𝑢 = 1.08 % 
o FR - 25 79 
 2 pultruded CFRP strips 
   𝑡𝑓 = 1.2 mm, 𝑏𝑓 = 25 mm 
   𝑙𝑓 = 2700 mm, 𝜌𝑓 = 0.067 % 
Pultruded CFRP 
𝐸𝑓  = 150 GPa 
𝑓𝑓𝑢 = 2000 MPa 
𝜀𝑓𝑢 = 1.33 % 
o FR + 34 100 
 5 thermoplastic GFRP strips  
   𝑡𝑓 = 2 mm, 𝑏𝑓 = 20 mm 
   𝑙𝑓 = 2700 mm, 𝜌𝑓 = 0.222 % 
GFRP plates 
𝐸𝑓  = 45 GPa 
𝑓𝑓𝑢 = 1000 MPa 
𝜀𝑓𝑢 = 2.22 % 
o FD + 8 85 
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Table 2.2 (Cont.): Previous studies on strengthening of simply-supported RC structures with NSM-FRP composites 
Reference 
No. of 
specimens 
Concrete 
Flexural steel 
properties c 
Strengthening system 
Failure mode 
Change in 
ductility 
index  ∆𝝁 
f  
(%) 
Strength 
gain 
(%) Type 
Geometry a 
(mm) 
𝒇𝒄
′  b 
(MPa) 
Regime d Properties e 
Barros and 
Fortes 
(2005) 
8 Beam 
 
R-sec 
𝑏 = 100 
ℎ = 175 
𝑙  = 1500 
𝑑 = 155 
𝑐 = 20 
46 𝐴𝑠 = 56.5 mm
2 
(2 ∅ 6) 
 
𝐴𝑠
′  = 100.5 mm2 
(2 ∅ 8) 
 
𝜌𝑠 = 0.365 % 
 
𝑓𝑦 = 730 MPa 
 1 pultruded CFRP strip 
     𝑡𝑓 = 1.45 mm, 𝑏𝑓 = 10 mm 
     𝑙𝑓 = 1400 mm, 𝜌𝑓 = 0.083 % 
Pultruded CFRP 
𝐸𝑓  = 158.8 GPa 
𝑓𝑓𝑢 = 2740 MPa 
𝜀𝑓𝑢 = 1.73 % 
o CC + 17 78 
𝐴𝑠 = 84.8 mm
2 
(3 ∅ 6) 
 
𝜌𝑠 = 0.547 % 
 
𝑓𝑦 = 730 MPa 
 2 pultruded CFRP strips  
     𝑡𝑓 = 1.45 mm, 𝑏𝑓 = 10 mm 
     𝑙𝑓 = 1400 mm, 𝜌𝑓 = 0.166 % 
o CS - 10 92 
𝐴𝑠 = 106.8 mm
2 
(2 ∅ 6) 
(1 ∅ 8) 
 
𝜌𝑠 = 0.689 % 
 
𝑓𝑦,∅6 = 730 MPa 
𝑓𝑦,∅8 = 524 MPa 
o CS + 16 98 
𝐴𝑠 = 150.8 mm
2 
(3 ∅ 8) 
 
𝜌𝑠 = 0. 973% 
 
𝑓𝑦 = 524 MPa 
 3 pultruded CFRP strips 
     𝑡𝑓 = 1.45 mm, 𝑏𝑓 = 10 mm 
     𝑙𝑓 = 1400 mm, 𝜌𝑓 = 0.249 % 
o CS - 34 96 
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Table 2.2 (Cont.): Previous studies on strengthening of simply-supported RC structures with NSM-FRP composites 
Reference 
No. of 
specimens 
Concrete 
Flexural steel 
properties c 
Strengthening system 
Failure mode 
Change in 
ductility 
index  ∆𝝁 
f  
(%) 
Strength 
gain 
(%) Type 
Geometry a 
(mm) 
𝒇𝒄
′  b 
(MPa) 
Regime d Properties e 
Barros et al. 
(2007) 
10 Beam 
 
R-sec 
𝑏 = 120 
ℎ = 170 
𝑙  = 900 
𝑑 = 155 
𝑐 = 15 
52 𝐴𝑠 = 39.27 mm
2 
(2 ∅ 5) 
 
𝐴𝑠
′  = 66.4 mm2 
(2 ∅ 6.5) 
 
𝜌𝑠 = 0.211 % 
 
𝑓𝑦 = 788 MPa 
 1 pultruded CFRP strip 
     𝑡𝑓 = 1.4 mm, 𝑏𝑓 = 9.6 mm 
     𝑙𝑓 = 900 mm, 𝜌𝑓 = 0.066 % 
Pultruded CFRP 
𝐸𝑓  = 158.8 GPa 
𝑓𝑓𝑢 = 2740 MPa 
𝜀𝑓𝑢 = 1.7 % 
o CS - 1 118 
𝐴𝑠 = 66.4 mm
2 
(2 ∅ 6.5) 
 
𝜌𝑠 = 0.357 % 
 
𝑓𝑦 = 627 MPa 
 2 pultruded CFRP strips 
     𝑡𝑓 = 1.4 mm, 𝑏𝑓 = 9.6 mm 
     𝑙𝑓 = 900 mm, 𝜌𝑓 = 0.132 % 
- 45 92 
𝐴𝑠 = 99.6 mm
2 
(3 ∅ 6.5) 
 
𝜌𝑠 = 0.535 % 
 
𝑓𝑦 = 627 MPa 
 3 pultruded CFRP strips 
     𝑡𝑓 = 1.4 mm, 𝑏𝑓 = 9.6 mm 
     𝑙𝑓 = 900 mm, 𝜌𝑓 = 0.198 % 
- 22 35 
Yost et al. 
(2007) 
5 Beam 
 
R-sec 
𝑏 = 152 
ℎ = 152 
𝑙  = 2743 
𝑑 = 114 
𝑐 = 38 
37 𝐴𝑠 = 402.2 mm
2 
(2 ∅ 16) 
 
𝐴𝑠
′  = N/A 
 
𝜌𝑠 = 2.32 % 
 
𝑓𝑦 = 490 MPa 
 Pultruded CFRP strips 
   𝑡𝑓 = 2.5 mm, 𝑏𝑓 = 15 mm 
   𝑙𝑓 = 2743 mm 
 
o 1 strip, 𝜌𝑓 = 0.162 % 
o 2 strips, 𝜌𝑓 = 0.325 % 
Pultruded CFRP 
𝐸𝑓  = 136 GPa 
𝑓𝑓𝑢 = 1648 MPa 
𝜀𝑓𝑢 = 1.70 % *  
o CC + 10 
- 7 
- 22 
- 10 
18 
10 
18 
28 
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Table 2.2 (Cont.): Previous studies on strengthening of simply-supported RC structures with NSM-FRP composites 
Reference 
No. of 
specimens 
Concrete 
Flexural steel 
properties c 
Strengthening system 
Failure mode 
Change in 
ductility 
index  ∆𝝁 
f  
(%) 
Strength 
gain 
(%) Type 
Geometry a 
(mm) 
𝒇𝒄
′  b 
(MPa) 
Regime d Properties e 
Yost et al. 
(2007) 
5 Beam 
 
R-sec 
𝑏 = 229 
ℎ = 152 
𝑙  = 2743 
𝑑 = 114 
𝑐 = 38 
37 𝐴𝑠 = 398.2 mm
2 
(3 ∅ 13) 
 
𝐴𝑠
′  = N/A 
 
𝜌𝑠 = 1.525 % 
 
𝑓𝑦 = 510 MPa 
 Pultruded CFRP 
   𝑡𝑓 = 2.5 mm, 𝑏𝑓 = 15 mm 
   𝑙𝑓 = 2743 mm 
 
o 1 strip, 𝜌𝑓 = 0.108 % 
o 2 strips, 𝜌𝑓 = 0.215 % 
Pultruded CFRP 
𝐸𝑓  = 136 GPa 
𝑓𝑓𝑢 = 1648 MPa 
𝜀𝑓𝑢 = 1.21 % *  
o CC - 22 
- 18 
- 12 
- 3 
12 
10 
47 
42 
5 𝑏 = 305 
ℎ = 152 
𝑙  = 2743 
𝑑 = 114 
𝑐 = 38 
𝐴𝑠 = 398.2 mm
2 
(3 ∅ 13) 
 
𝐴𝑠
′  = N/A 
 
𝜌𝑠 = 1.145 % 
 
𝑓𝑦 = 510 MPa 
 Pultruded CFRP 
   𝑡𝑓 = 2.5 mm, 𝑏𝑓 = 15 mm 
   𝑙𝑓 = 2743 mm 
 
o 1 strip, 𝜌𝑓 = 0.077 % 
o 2 strips, 𝜌𝑓 = 0.162 % 
o FR 
o CC 
- 11 
- 10 
- 11 
+ 15 
26 
32 
44 
78 
Bonaldo et 
al. (2008) 
3 Slab 𝑏 = 300 
ℎ = 80 
𝑙  = 1800 
𝑑 = 56 
𝑐 = 24 
26 𝐴𝑠 = 151 mm
2 
(3 ∅ 8) 
 
𝜌𝑠 = 0.899 % 
 
𝑓𝑦 = 466 MPa 
 4 pultruded CFRP strips 
   𝑡𝑓 = 1.41 mm, 𝑏𝑓 = 9.37 mm 
   𝑙𝑓 = 1700 mm, 𝜌𝑓 = 0.220 % 
Pultruded CFRP 
𝐸𝑓  = 156 GPa 
𝑓𝑓𝑢 = 2880 MPa 
𝜀𝑓𝑢 = 1.85 % 
o CC - 37 
- 28 
148 
163 
Al-
Mahmoud et 
al. (2010) 
3 Beam 
 
R-sec 
𝑏 = 150 
ℎ = 280 
𝑙  = 2800 
𝑑 = 250 
𝑐 = 30 
37 𝐴𝑠 = 226.2 mm
2 
(2 ∅ 12) 
 
𝐴𝑠
′  = 56.5 mm2 
(2 ∅ 6) 
 
𝜌𝑠 = 0.603 % 
 
𝑓𝑦 = 600 MPa 
 CFRP rods, (2 ∅ 6) 
   𝐴𝑓 = 56.6 mm
2 
𝜌𝑓 = 0.135 % 
 
o 𝑙𝑓= 2100 mm 
o 𝑙𝑓= 2700 mm 
CFRP rods 
𝐸𝑓  = 146 GPa 
𝑓𝑓𝑢 = 1875 MPa 
𝜀𝑓𝑢 = 1.28 % * 
o CS 
o CFRP rods 
pull-out 
- 45 
- 9 
49 
82 
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Table 2.2 (Cont.): Previous studies on strengthening of simply-supported RC structures with NSM-FRP composites 
Reference 
No. of 
specimens 
Concrete 
Flexural steel 
properties c 
Strengthening system 
Failure mode 
Change in 
ductility 
index  ∆𝝁 
f  
(%) 
Strength 
gain 
(%) Type 
Geometry a 
(mm) 
𝒇𝒄
′  b 
(MPa) 
Regime d Properties e 
Ceroni 
(2010) 
5 Beam 
 
R-sec 
𝑏 = 100 
ℎ = 180 
𝑙  = 2000 
𝑑 = 150 
𝑐 = 30 
29 𝐴𝑠 = 157 mm
2 
(2 ∅ 10) 
 
𝐴𝑠
′  = 101 mm2 
(2 ∅ 8) 
 
𝜌𝑠 = 1.05 % 
 
𝑓𝑦 = 452 MPa 
 
 CFRP rods, 2 ∅ 8 
   𝐴𝑓 = 100.5 mm
2 
    𝜌𝑓 = 0.559 %    
     
o 𝑙𝑓 = 2000 mm 
o 𝑙𝑓 = 1600 mm 
 
CFRP rods 
𝐸𝑠  = 109 GPa 
𝑓𝑠𝑢 = 1020 MPa 
𝜀𝑓𝑢 = 0.936 % 
o CS - 44 
+ 33 
55 
72 
𝑙  = 1800 𝐴𝑠 = 226 mm
2 
(2 ∅ 12) 
 
𝐴𝑠
′  = 101 mm2 
(2 ∅ 8) 
 
𝜌𝑠 = 1.51 % 
 
𝑓𝑦 = 441 MPa 
 
 CFRP rods, 2 ∅ 8 
   𝐴𝑓 = 100.5 mm
2 
    𝜌𝑓 = 0.559 %    
     
o 𝑙𝑓 = 1800 mm 
o CS 
o CC 
- 43 45 
Hussein and 
Fawzy 
(2010) 
2 
Not  
corroded 
Slab 𝑏 = 500 
ℎ = 100 
𝑙  = 1300 
𝑑 = 80 
𝑐 = 20 
25 𝐴𝑠 = 314.2 mm
2 
(4 ∅ 10) 
 
𝐴𝑠
′  = N/A 
 
𝜌𝑠 = 0.786 % 
 
𝑓𝑦 = 440 MPa 
 2 pultruded CFRP strips 
   𝑡𝑓 = 1.2 mm, 𝑏𝑓 = 12.5 mm 
   𝑙𝑓 = 1200 mm, 𝜌𝑓 = 0.06 % 
Pultruded CFRP 
𝐸𝑓  = 165 GPa 
𝑓𝑓𝑢 = 2800 MPa 
𝜀𝑓𝑢 = 1.70 % *  
o FD - 59 66 
2 
Corroded 
- 61 39 
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Table 2.2 (Cont.): Previous studies on strengthening of simply-supported RC structures with NSM-FRP composites 
Reference 
No. of 
specimens 
Concrete 
Flexural steel 
properties c 
Strengthening system 
Failure mode 
Change in 
ductility 
index  ∆𝝁 
f  
(%) 
Strength 
gain 
(%) Type 
Geometry a 
(mm) 
𝒇𝒄
′  b 
(MPa) 
Regime d Properties e 
Rasheed et 
al. (2010) 
4 Beam 
 
R-sec 
𝑏 = 254 
ℎ = 457 
𝑙  = 4720 
𝑑 = 413 
𝐶 = 44 
35 𝐴𝑠 = 1134 mm
2 
(4 ∅12) 
 
𝐴𝑠
′  = 127 mm2 
(2 ∅9) 
 
𝜌𝑠 = 1.081 % 
 
𝑓𝑦 = 527 MPa 
 8 pultruded CFRP strips 
     𝑡𝑓 = 2.0 mm, 𝑏𝑓 = 16 mm 
     𝑙𝑓 = 4880 mm, 𝜌𝑓 = 0.221 % 
Pultruded CFRP 
𝐸𝑓  = 131 GPa 
𝑓𝑓𝑢 = 2068 MPa 
𝜀𝑓𝑢 = 1.70 % 
 
o CC - 10 46 
 Stainless steel rods, (3 ∅ 13) 
   𝐴𝑓 = 398.2 mm
2 
    𝑙𝑓 = 4720 mm 
    𝜌𝑓 = 0.343 % 
 
Stainless Steel  
𝐸𝑠  = 200 GPa 
𝑓𝑠𝑢 = 883 MPa 
𝑓𝑦  = 683 MPa 
o CC - 16 31 
El-
Maaddawy 
et al. (2012) 
5 Beam 
 
T-Sec 
𝑏fl = 340 
𝑏𝑤 = 200 
ℎ = 260 
ℎ𝑓 = 50 
𝑙  = 3000 
𝑑 = 200 
𝑐 = 60 
25 𝐴𝑠 = 339 mm
2 
(3 ∅11) 
 
𝐴𝑠
′  = 113 mm2 
(4 ∅6) 
 
𝜌𝑠 = 0.383 % 
 
𝑓𝑦 = 520 MPa 
 Without U-wraps 
o 2 pultruded CFRP strips 
o 4 pultruded CFRP strips 
 
 With U-wraps 
o 2 pultruded CFRP strips 
o 4 pultruded CFRP strips 
 
Pultruded CFRP 
𝐸𝑓  = 165 GPa 
𝑓𝑓𝑢 = 3100 MPa 
𝜀𝑓𝑢 = 1.7 % 
𝑡𝑓 = 1.2 mm  
𝑏𝑓 = 20 mm 
 
o CC 
o CC 
o CC 
o CC 
 
+3 
-17 
+13 
+6 
74 
100 
84 
114 
3 60  Without U-wraps 
o 2 pultruded CFRP strips 
o 4 pultruded CFRP strips 
o CC 
o CS 
-20 
-36 
82 
139 
Sena-Cruz 
et al. (2012) 
2 Beam 
 
R-sec 
𝑏 = 200 
ℎ = 300 
𝑙  = 2000 
𝑑 = 280 
𝑐 = 20 
53 𝐴𝑠 = 236 mm
2 
(3 ∅ 10) 
 
𝐴𝑠
′  =157 mm2 
(2 ∅ 10) 
 
𝜌𝑠 = 0.421 % 
 
𝑓𝑦 = 455 MPa 
 4 pultruded CFRP strips 
   𝑡𝑓 = 1.41 mm, 𝑏𝑓 = 30 mm 
    𝑙𝑓 = 1400 mm, 𝜌𝑓 = 0.282 % 
Pultruded CFRP 
𝐸𝑓  = 158 GPa 
𝑓𝑓𝑢 = 2435 MPa 
𝜀𝑓𝑢 = 1.5 % 
o CS - 50 86 
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Table 2.2 (Cont.): Previous studies on strengthening of simply-supported RC structures with NSM-FRP composites 
Reference 
No. of 
specimens 
Concrete 
Flexural steel 
properties c 
Strengthening system 
Failure mode 
Change in 
ductility 
index  ∆𝝁 
f  
(%) 
Strength 
gain 
(%) Type 
Geometry a 
(mm) 
𝒇𝒄
′  b 
(MPa) 
Regime d Properties e 
Almusallam 
et al. (2013) 
6 Beam 
 
R-sec 
𝑏 = 150 
ℎ = 200 
𝑙  = 2000 
𝑑 = 170 
𝑐 = 30 
37 𝐴𝑠 = 78.5 mm
2 
(1 ∅ 10) 
 
𝐴𝑠
′  = 28.3 mm2 
(1 ∅ 6) 
 
𝜌𝑠 = 0.308 % 
 
𝑓𝑦 = 408 MPa 
 Steel rod, (2 ∅ 10) 
   𝐴𝑓 = 157 mm
2 
     𝑙𝑓 = 2000 mm 
     𝜌𝑓 = 0.523 % 
Steel rod  ∅ 𝟏𝟎  
𝐸𝑠  = 200 GPa 
𝑓𝑠𝑢 = 580 MPa 
𝑓𝑦  = 408 MPa 
o CC - 5 13 
 Steel rod, (2 ∅ 14) 
   𝐴𝑓 = 308 mm
2 
     𝑙𝑓 = 2000 mm 
     𝜌𝑓 = 1.027 % 
Steel rod  ∅ 𝟏𝟒  
𝐸𝑠  = 200 GPa 
𝑓𝑠𝑢 = 629 MPa 
𝑓𝑦  = 550 MPa 
o CC - 48 95 
 GFRP rod, (2 ∅ 10) 
   𝐴𝑓 = 157 mm
2 
    𝑙𝑓 = 2000 mm 
    𝜌𝑓 = 0.523 % 
GFRP rod  ∅ 𝟏𝟎  
𝐸𝑠  = 40 GPa 
𝑓𝑠𝑢 = 743 MPa 
𝜀𝑓𝑢 = 2 % 
o FR + 9 26 
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Table 2.2 (Cont.): Previous studies on strengthening of simply-supported RC structures with NSM-FRP composites 
Reference 
No. of 
specimens 
Concrete 
Flexural steel 
properties c 
Strengthening system 
Failure mode 
Change in 
ductility 
index  ∆𝝁 
f  
(%) 
Strength 
gain 
(%) Type 
Geometry a 
(mm) 
𝒇𝒄
′  b 
(MPa) 
Regime d Properties e 
Almusallam 
et al. (2013) 
6 Beam 
 
R-sec 
𝑏 = 150 
ℎ = 200 
𝑙  = 2000 
𝑑 = 170 
𝑐 = 30 
37 𝐴𝑠 = 157 mm
2 
(2 ∅ 10) 
 
𝐴𝑠
′  = 28.3 mm2 
(1 ∅ 6) 
 
𝜌𝑠 = 0.616 % 
 
𝑓𝑦 = 408 MPa 
 Steel rod, (1 ∅ 10) 
   𝐴𝑓 = 78.5 mm
2 
     𝑙𝑓 = 2000 mm 
     𝜌𝑓 = 0.262 % 
Steel rod  ∅ 𝟏𝟎  
𝐸𝑠  = 200 GPa 
𝑓𝑠𝑢 = 580 MPa 
𝑓𝑦  = 408 MPa 
o CC - 7 4 
 Steel rod, (1 ∅ 14) 
   𝐴𝑓 = 154 mm
2 
     𝑙𝑓 = 2000 mm 
     𝜌𝑓 = 0.513 % 
Steel rod  ∅ 𝟏𝟒  
𝐸𝑠  = 200 GPa 
𝑓𝑠𝑢 = 629 MPa 
𝑓𝑦  = 550 MPa 
o CC - 19 42 
 GFRP rod, (1 ∅ 10) 
   𝐴𝑓 = 78.5 mm
2 
     𝑙𝑓 = 2000 mm 
     𝜌𝑓 = 0.262 % 
GFRP rod  ∅ 𝟏𝟎  
𝐸𝑠  = 40 GPa 
𝑓𝑠𝑢 = 743 MPa 
𝜀𝑓𝑢 = 2 % 
o FR - 4 11 
Notations: 
R-sec: rectangular section, T-sec: T-section, 𝒃: width of the beam/slab, 𝒃fl: flange 
width, 𝒃𝒘: web width, 𝒉: height of beam/slab, 𝒉𝒇: flange depth, 𝒍: span length, 𝒅 = 
depth from compression fiber to tension steel, 𝒄 = concrete cover 
Failure modes: 
CC: concrete crushing, CS: cover separation, IC: intermediate crack debonding, 
CDC: critical diagonal crack debonding, ED: end debonding, , FR: tensile (FRP) 
rupture, SY: steel yielding, FD: fiber (FRP) debonding, SF: shear failure 
a In some studies, the dimensions were converted to the SI units 
b In some studies, the cube compressive strength was converted to cylinder compressive strength using fc’ = 0.85 fcu 
c ρs = As / bd; where ρs is tensile steel ratio, As is tensile steel area, b is concrete width, d is the concrete height minus the concrete cover under the tensile steel 
d ρf = Af / bh; where ρf is FRP ratio, Af is FRP area, b is concrete width, h is the concrete height 
e In some studies, the ultimate FRP strain was not provided by the author and was calculated using ɛfu = ffu / Ef  
f  positive value indicates an increase in the ductility whereas a negative value indicates a decrease in the ductility of the specimen with respect to that of the control 
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2.3 Strengthening of Continuous Structures with Composites  
Previous research on continuous RC structural elements strengthened with EB-
FRP and NSM-FRP systems conducted over the last decade are summarized in 
Table 2.3 and Table 2.4, respectively. The effects of main test variables on the flexural 
response are discussed in the following sections. 
2.3.1 Strengthening with Externally-Bonded Composites 
Few researchers investigated the viability of using EB composites in 
strengthening continuous RC structures. Nevertheless, results of previous studies 
provided interesting findings on the subject. Main outcomes of these studies are 
discussed herein.  
2.3.1.1 Effect of Strengthening Location 
Continuous RC structures are vulnerable to fail in the sagging or hogging 
regions. The flexural response is different when strengthening is applied to either the 
sagging or the hogging region alone, or to both the sagging and hogging regions 
together. El-Refaie et al. (2003), Ashour et al. (2004), and Aiello and Ombres (2011) 
reported that the effect of strengthening in the sagging region had more pronounced 
effect on the flexural response than strengthening in the hogging region.  
El-Refaie et al. (2003) and Ashour et al. (2004) reported that specimens with 
reduced amounts of tensile steel in the sagging regions and strengthened in the sagging 
region with two EB-CFRP sheets exhibited approximately 46% increase in the load 
capacity. Specimens strengthened in the hogging region only with two EB-CFRP 
sheets obtained a load enhancement of 10%. Increasing the number of sheets from two 
to six in the sagging or the hogging region resulted in load enhancements of 46% and 
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25%, respectively. The moment enhancement ratios were higher than the load 
enhancement ratios. The specimens strengthened in the sagging region experienced 
higher reduction in ductility compared with that of the specimens strengthened in the 
hogging region.  
Aiello and Ombres (2011) studied two span continuous beams with reduced 
amounts of tensile steel in both sagging and hogging regions. Concrete crushing was 
the dominant mode of failure. Strengthening in the sagging region only resulted in 
32% increase in the load capacity. However, strengthening in the hogging region only 
resulted in 4% increase in load capacity. The application of CFRP sheets in both 
sagging and hogging regions resulted in a load enhancement of 36%. The ductility of 
the specimens strengthened in the sagging region only was 23% higher than that of the 
control specimen. For specimen strengthened in the hogging region or in the sagging 
and hogging region, the ductility was 22% lower than that of the control specimen.  
2.3.1.2 Effect of Amount of Composite Reinforcement 
Results of previous studies showed that increasing the number of CFRP sheets 
typically improved the flexural capacity whereas the ductility index tended to decrease 
as the amount of the EB-FRP reinforcement increased. Nevertheless, for RC 
specimens with the FRP debonding or concrete cover separation modes of failure, 
increasing the amount of EB-CFRP composites may not result in additional increase 
in the strength gain. Results of the majority of previous studies indicated that the 
additional strength gain was not proportional to the added amount of the EB-CFRP 
composites.   
Results of the study conducted by El-Refaie et al. (2003) and Ashour et al. 
(2004) indicated that increasing the amount of the EB-CFRP reinforcement in the 
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sagging region had insignificant effect on load and moment enhancement ratios. 
However, increasing the amount of composites in the hogging region only from two 
to six sheets increased the strength gain by more than two-folds. It should be noted 
that increasing the amount of composites changed the mode of failure from FRP 
rupture to concrete cover separation. Moreover, specimens strengthened in the sagging 
region only exhibited higher values of ductility reduction.  
Aiello and Ombres (2011) reported that doubling the amount of CFRP sheets 
in the sagging regions only in specimens with similar  amounts of internal steel in both 
sagging and hogging regions, had an almost no effect on the strength gain. This 
occurred because the failure mode of the strengthened specimens was governed by 
failure of the unstrengthened section located in the hogging region.  
Farahbod and Mostofinejad (2011) reported that doubling the amount of the 
EB-CFRP sheets in specimens strengthened in the hogging region only increased the 
strength gain by 50%. Doubling the amount of composites in specimens strengthened 
in both sagging and hogging regions increased the strength gain by 65% and decreased 
the ductility by 31%.  
The studies carried out by Maghsoudi and Bengar (2008), Bengar and 
Maghsoudi (2010), and Maghsoudi and Bengar (2011) showed that strengthening both 
sagging and hogging regions with one, two, or three EB-CFRP sheets resulted in 
strength gains of 18%, 35%, and 60%, respectively. The ductility of the strengthened 
specimens was, on average, 72% lower than that of the control specimen.  
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2.3.1.3 Effect of Type of Composites 
The carbon fiber-reinforced polymer (CFRP) composites have been adopted in 
the majority of previous studies. A triaxial ductile fabric was used by Grace et al. 
(2004) for strengthening RC beams with an overhanging cantilever in comparison with 
CFRP sheets. The material was made by triaxially braiding bundles of carbon and glass 
fibers in three different directions (+45o, 0 o, -45 o) as illustrated in Figure 2.5. The load 
enhancement ratio for the specimens strengthened with the new material in both the 
sagging and hogging regions was 38% higher than that of the control specimen. On 
the other hand, the specimen strengthened with regular CFRP sheets obtained load 
enhancement ratio of 46%. The ductility of the specimen strengthened with the triaxial 
material was reduced by 18% whereas that of the specimen strengthened with CFRP 
sheets was reduced by 42% compared with the ductility of the control specimen. 
The use of three layers of GFRP sheets in strengthening the sagging and 
hogging regions of two-span continuous beams by Bengar and Maghsoudi (2010) 
resulted in approximately 37% strength gain. The ductility of the beams was reduced 
by 71% after strengthening. The authors stated that the concrete strain for the beam 
strengthened with GFRP was higher than that of the beams strengthened with CFRP 
sheets at the same value of applied load. Moreover, using additional amounts of GFRP 
did not affect the reduction in the ductility index caused by strengthening.  
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Figure 2.5: Details of triaxial ductile fabric geometry (Grace et al. 2004) 
2.3.1.4 Effect of Previous Damage 
The effect of previous damage on the flexural response of continuous RC 
flexural elements strengthened with EB-FRP composites has received little attention. 
Kai et al. (2011) reported that unstrengthened fire-damaged continuous T-beams failed 
by concrete crushing and experienced a 3% reduction in load capacity and 45% 
reduction in ductility relative to those of the non-damaged control specimen. 
Strengthening the sagging region only led to 16% increase in the load capacity and 
57% increase in hogging moment capacity with respect to those of the fire-damaged 
control specimen. Tensile rupture of the CFRP sheets was the mode of failure in 
strengthened specimens. The authors stated that the stiffness of the fire-damaged 
specimens decreased because of a decline in the modulus of elasticity of concrete and 
steel bars.  
2.3.1.5 Effect of Inclusion of Anchorage Systems in Strengthening   
Different anchorage systems were adopted in the literature to delay or prevent 
the premature delamination of the EB-FRP materials. Providing transverse U-wraps at 
the ends or the use of mechanical anchors distributed at a certain spacing along the 
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span effectively delayed/prevented the FRP debonding mode of failure. Grace et al. 
(2004) used U-wraps at the ends of the longitudinal EB-CFRP sheets which changed 
the mode of failure from FRP debonding to concrete cover separation. This also 
increased the strength gain from 13% without end U-wraps to 46% with end U-wraps.  
 
  
 
Table 2.3: Previous studies on strengthening of continuous RC structures with EB-FRP composites 
Reference 
No. of 
specimens 
Test parameters 
Concrete Tension steel c Strengthening system 
Main outcomes e 
Type 
Geometry a 
(mm) 
fc’  b 
(MPa) 
Sagging Hogging 
Regime 
Properties d 
Sagging Hogging 
El-Refaie et 
al. (2003) 
11 - Position of CFRP 
(sagging or hogging) 
- Length of CFRP 
- Number of CFRP 
Two-span 
continuous beam 
b = 150 
h = 250 
l = 8500 
ls = 3830 
ctop = 50 
cbot = 50 
30 As = 628 mm
2 
       (2Ф20) 
ρs = 1.67% 
fy = 510 MPa 
As = 101 mm
2 
       (2Ф8) 
ρs = 0.335% 
fy = 508 MPa 
N/A * EB-CFRP 
- L = 2 m 
 2 layers 
 6 layers 
 10 layers 
- L = 1 m 
 6 layers 
CFRP sheets 
Ef = 240 GPa 
ffu = 3900 MPa 
ɛfu = 1.63% 
- Failure mode 
 FR, CS, CS, CS 
- Load enhancement (%) 
 10, 25, 18, 18 
- Moment enhancement (%) 
 42, 119, 150, 165 
- Ductility (%) 
 +5.9, -67, -58, -36 
As = 101 mm
2 
       (2Ф8) 
ρs = 0.335% 
fy = 508 MPa 
As = 628 mm
2 
       (2Ф20) 
ρs = 1.67% 
fy = 510 MPa 
* EB-CFRP 
- L = 2 m 
 2 layers 
 6 layers 
- L = 3.5 m 
 6 layers 
 10 layers 
N/A - Failure mode 
 FD, CS, CS, FD 
- Load enhancement (%) 
 46, 46, 104, 34 
- Moment enhancement (%) 
 104, 122, 234, 155 
- Ductility (%) 
 -52, -77, -80, -92 
As = 628 mm
2 
       (2Ф20) 
ρs = 1.67% 
fy = 510 MPa 
As = 101 mm
2 
       (2Ф8) 
ρs = 0.335% 
fy = 508 MPa 
- L = 1 m 
 2 layers 
 
- L = 3 m 
 2 layers 
 
- Failure mode 
 FR at hog. followed by FD at sag.  
- Load enhancement (%) 
 25 
- Moment enhancement (%) 
 33 
- Ductility (%) 
 -16 
Ashour et al. 
(2004) 
15 - Length of CFRP 
- Thickness of CFRP 
- Position of CFRP 
- Form of CFRP 
Two-span 
continuous beam 
b = 150 
h = 250 
l = 8500 
ls = 3830 
ctop = 50 
cbot = 50 
 
 
32 As = 628 mm
2 
       (2Ф20) 
ρs = 1.67% 
fy = 510 MPa 
As = 101 mm
2 
       (2Ф8) 
ρs = 0.335% 
fy = 508 MPa 
1- N/A 
 
 
 
2- N/A 
 
3- L = 1 m 
 2 layers 
1-  L = 2 m 
 2 layers 
 6 layers 
 10 layers 
2-  L = 1 m 
 6 layers 
3-  L = 3 m 
 2 layers 
CFRP sheets 
Ef = 240 GPa 
ffu = 3900 MPa 
ɛfu = 1.63% 
- Failure mode 
 FR, CS, CS, CS, FD 
- Load enhancement (%) 
 10, 25, 18, 18, 25 
- Moment enhancement (%) 
 49, 119, 150, 165, (133 hog. 124 
sag.) 
- Ductility (%) 
 +5.9, -67, -58, -36, -16 
As = 101 mm
2 
       (2Ф8) 
ρs = 0.335% 
fy = 508 MPa 
As = 628 mm
2 
       (2Ф20) 
ρs = 1.67% 
fy = 510 MPa 
1-  L = 2 m 
 2 layers 
 6 layers 
2-  L = 3.5 m 
 6 layers 
 10 layers 
N/A - Failure mode 
 FD, CS, CS, FD 
- Load enhancement (%) 
 46, 46, 104, 34 
- Moment enhancement (%) 
 104, 122, 234, 155 
- Ductility (%) 
 -52, -77, -80, -92 
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Table 2.3 (Cont.): Previous studies on strengthening of continuous RC structures with EB-FRP composites 
Reference 
No. of 
specimens 
Test parameters 
Concrete Tension steel c Strengthening system 
Main outcomes e 
Type 
Geometry a 
(mm) 
fc’  b 
(MPa) 
Sagging Hogging 
Regime 
Properties d 
Sagging Hogging 
Continue: 
 
Ashour et al. 
(2004) 
15 - Length of CFRP 
- Thickness of CFRP 
- Position of CFRP 
- Form of CFRP 
Two-span 
continuous beam 
b = 150 
h = 250 
l = 8500 
ls = 3830 
ctop = 50 
cbot = 50 
32 As = 402 mm
2 
       (2Ф16) 
ρs = 1.34% 
fy = 520 MPa 
As = 402 mm
2 
       (2Ф16) 
ρs = 1.34% 
fy = 520 MPa 
1- N/A 
 
2- L = 3.5 m 
 1 strip 
3- L = 3.5 m 
 1 strip 
4- N/A 
1-  L = 2.5 m 
 1 strip 
2- N/A 
 
3- L = 2.5 m 
 1 strip 
4- L = 2.5 m 
 6 strips 
CFRP strips 
Ef = 150 GPa 
ffu = 2500 MPa 
ɛfu = 1.67% 
- Failure mode 
 CS, CS, CS 
- Load enhancement (%) 
 19, 38, 55 
- Ductility (%) 
 -42, -48, -66 
Arduini et 
al. (2004) 
12 - Amount of internal 
steel reinforcement 
- number of CFRP 
sheets 
- Width of CFRP 
sheets 
One span slab 
with one 
overhanging 
cantilever 
b = 1500 
h = 240 
l = 6500 
lsimply = 4000 
loverhang = 
2250 
ctop = 16.5 
cbot = 16.5 
39 As = 905 mm
2 
       (8Ф12) 
ρs = 0.27% 
fy = 557 MPa 
As = 905 mm
2 
       (8Ф12) 
ρs = 0.27%  
fy = 557 MPa 
- 1 layer 
 
 wf  = 800 mm 
 wf  = 1500 mm 
 
- 1 layer 
 
 wf  = 800 mm 
 wf  = 1500 mm 
 
CFRP sheets 
Ef = 230 GPa 
ffu = 3500 MPa 
ɛfu = 1.52% 
- Failure mode 
 FR, FR 
- Load enhancement (%) 
 51, 109 
- Ductility (%) 
 -38, -47 
As = 2800 mm
2 
       (11Ф18) 
ρs = 0.85% 
fy = 557 MPa 
As = 2800 mm
2 
       (11Ф18) 
ρs = 0.85% 
fy = 557 MPa 
- wf  = 1500 mm 
 
 1 layer 
 4.33 layers 
- wf  = 1500 mm 
 
 1 layer 
 4.33 layers 
- Failure mode 
 CC, CC 
- Load enhancement (%) 
 67, 89 
- Ductility (%) 
 -26, -52 
As = 1232 mm
2 
       (8Ф14) 
ρs = 0.37% 
fy = 557 MPa 
As = 471 mm
2 
       (6Ф10) 
ρs = 0.14% 
fy = 557 MPa 
- 1 layer 
 
 wf  = 900 mm 
 wf  = 1500 mm 
- 1 layer 
 
 wf  = 900 mm 
 wf  = 1500 mm 
- Failure mode 
 FR, FR 
- Load enhancement (%) 
 40, 67 
- Ductility (%) 
 -11, -15 
As = 3456 mm
2 
       (11Ф20) 
ρs = 1.05% 
fy = 557 MPa 
As = 1781 mm
2 
       (7Ф18) 
ρs = 0.54% 
fy = 557 MPa 
- wf  = 1500 mm 
 
 1 layer 
 2 layers 
 
- wf  = 1500 mm 
 
 1 layer 
 2 layers 
 
- Failure mode 
 CC, CC 
- Load enhancement (%) 
 22, 26 
 22, 26 
- Ductility (%) 
 -35, -22 
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Table 2.3 (Cont.): Previous studies on strengthening of continuous RC structures with EB-FRP composites 
Reference 
No. of 
specimens 
Test parameters 
Concrete Tension steel c Strengthening system 
Main outcomes e 
Type 
Geometry a 
(mm) 
fc’  b 
(MPa) 
Sagging Hogging 
Regime 
Properties d 
Sagging Hogging 
Grace et al. 
(2004) 
3 Type of strengthening 
material: 
- New tri-axial ductile 
fabric 
- CFRP sheet 
Simply supported  
beam with one 
overhanging 
cantilever 
b = 152 
h = 254 
l = 4267 
lsimply = 2438 
loverhang = 
1423 
ctop = 44.5 
cbot = 44.5 
42 As = 402 mm
2 
       (2Ф16) 
ρs = 1.6% 
fy = 490 MPa 
As = 402 mm
2 
       (2Ф16) 
ρs = 1.6% 
fy = 490 MPa 
N/A - 2 layers of 
triaxial ductile 
fabric  
- without U-
wraps 
- L = 3.35 m 
Triaxial ductile 
fabric 
Ultimate load = 
0.33 kN/mm 
ɛfu = 2.1% 
Thickness = 1 
mm 
- Failure mode 
 FR 
- Load enhancement (%) 
 11 
- Ductility (%) 
 -60 
N/A - 4 layers of 
CFRP sheets  
- without U-
wraps 
- L = 3.35 m  
CFRP sheets 
Ultimate load = 
0.34 kN/mm 
ɛfu = 1.2% 
Thickness = 0.13 
mm 
- Failure mode 
 FD 
- Load enhancement (%) 
 13 
- Ductility (%) 
 -68 
 Type of strengthening 
material: 
- New tri-axial ductile 
fabric 
- CFRP sheet 
Two span 
continuous beam 
b = 152 
h = 254 
l = 4267 
ls = 1981 
ctop = 44.5 
cbot = 44.5 
 
- 1 layer of 
triaxial ductile 
fabric  
 
- with U-wraps 
all over the sheet 
 
-  L = 1.63 m 
- 1 layer of 
triaxial ductile 
fabric  
 
- with U-wraps 
all over the sheet 
 
- L = 1.42 m 
Triaxial ductile 
fabric 
Ultimate load = 
0.33 kN/mm 
ɛfu = 2.1% 
Thickness = 1 
mm 
- Failure mode 
 FR 
- Load enhancement (%) 
 38 
- Ductility (%) 
 -18 
- 2 layers of 
CFRP sheets  
 
- with U-wraps 
all over the sheet 
 
-  L = 1.63 m 
- 2 layers of 
CFRP sheets  
 
- with U-wraps 
all over the sheet 
 
- L = 1.42 m 
CFRP sheets 
Ultimate load = 
0.34 kN/mm 
ɛfu = 1.2% 
Thickness = 0.13 
mm 
- Failure mode 
 CS 
- Load enhancement (%) 
 46 
- Ductility (%) 
 -42 
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Table 2.3 (Cont.): Previous studies on strengthening of continuous RC structures with EB-FRP composites 
Reference 
No. of 
specimens 
Test parameters 
Concrete Tension steel c Strengthening system 
Main outcomes e 
Type 
Geometry a 
(mm) 
fc’  b 
(MPa) 
Sagging Hogging 
Regime 
Properties d 
Sagging Hogging 
Maghsoudi 
and Bengar 
(2008) 
5 - Thickness of CFRP 
sheets 
- strengthening of 
both the hogging and 
sagging region 
- end anchorage 
technique 
Two span 
continuous beam 
b = 150 
h = 250 
l = 6000 
ls = 2850 
ctop = 40 
cbot = 40 
75 As = 402 mm
2 
       (2Ф16) 
ρs = 1.28% 
fy = 412 MPa 
As = 402 mm
2 
       (2Ф16) 
ρs = 1.28% 
fy = 412 MPa 
- without U-
wraps at ends 
 1 layer 
 3 layers 
 
- with U-wraps at 
ends 
 2 layers 
 3 layers 
- without U-
wraps at ends 
 1 layer 
 3 layers 
 
- with U-wraps at 
ends 
 2 layers 
 3 layers 
CFRP sheets 
Ef = 242 GPa 
ffu = 3800 MPa 
ɛfu = 1.55% 
- Failure mode 
 FR (hog), IC (sag) 
 IC (hog), IC (hog) 
- Load enhancement (%) 
 18, 45 
 35, 60 
- Ductility (%) 
 -66, -77 
 -72, -78 
Bengar and 
Maghsoudi 
(2010) 
5 - Type of FRP (CFRP 
or GFRP) 
- Thickness of CFRP 
sheets 
- strengthening of 
both the hogging and 
sagging region 
- end anchorage 
technique 
Two span 
continuous beam 
b = 150 
h = 250 
l = 6000 
ls = 2850 
ctop = 40 
cbot = 40 
75 As = 402 mm
2 
       (2Ф16) 
ρs = 1.28% 
fy = 412 MPa 
As = 402 mm
2 
       (2Ф16) 
ρs = 1.28% 
fy = 412 MPa 
- without U-
wraps at ends 
 1 layer 
 
- with U-wraps at 
ends 
 2 layers 
 3 layers 
- without U-
wraps at ends 
 1 layer 
 
- with U-wraps at 
ends 
 2 layers 
 3 layers 
CFRP sheets 
Ef = 242 GPa 
ffu = 3800 MPa 
ɛfu = 1.55% 
- Failure mode 
 FR, IC (hog), IC (hog) 
- Load enhancement (%) 
 18, 35, 60 
- Ductility (%) 
 -66, -72, -78 
- with U-wraps at 
ends 
 3 layers 
- with U-wraps at 
ends 
 3 layers 
GFRP sheets 
Ef = 73 GPa 
ffu = 2250 MPa 
ɛfu = 3.1% 
- Failure mode 
 IC (hog) 
- Load enhancement (%) 
 37 
- Ductility (%) 
 -71 
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Table 2.3 (Cont.): Previous studies on strengthening of continuous RC structures with EB-FRP composites 
Reference 
No. of 
specimens 
Test parameters 
Concrete Tension steel c Strengthening system 
Main outcomes e 
Type 
Geometry a 
(mm) 
fc’  b 
(MPa) 
Sagging Hogging 
Regime 
Properties d 
Sagging Hogging 
Aiello and 
Ombres 
(2011) 
6 - Strengthening 
configuration  
- Amount of FRP 
Two span 
continuous beam 
b = 150 
h = 200 
l = 3800 
ls = 1750 
ctop = 30 
cbot = 30 
21 As = 226 mm
2 
       (2Ф12) 
ρs = 0.886% 
fy = 557 MPa 
As = 226 mm
2 
       (2Ф12) 
ρs = 0.886% 
fy = 557 MPa 
- 1 layer of CFRP 
sheet with U-
wraps all over 
 
N/A 
 
 
 
CFRP sheets 
Ef = 230 GPa 
ffu = 3430 MPa 
ɛfu = 1.49% 
- Failure mode 
 CC, CC, CC, CC 
- Load enhancement (%) 
 32, 36, 28, 4 
- Ductility (%) 
 +25, -21, +53, -23 
- 1 layer of CFRP 
sheet with U-
wraps all over 
 
- 1 layer of CFRP 
sheet with U-
wraps all over 
- 2 layers of 
CFRP sheet with 
U-wraps all over 
 
N/A 
N/A - 1 layer of CFRP 
sheet with U-
wraps all over 
 
Farahbod 
and 
Mostofineja
d (2011) 
6 - Configuration of the 
CFRP sheets 
- Number of the 
CFRP layers 
Two span 
continuous 
beam/frame with 
column at the 
middle support 
Beam: 
b = 150 
h = 200 
l = 4300 
ls = 1960 
ctop = 30 
cbot = 30 
33 As = 339 mm
2 
       (3Ф12) 
ρs = 1.33% 
fy = 530 MPa 
As = 151 mm
2 
       (3Ф8) 
ρs = 0.592% 
fy = 530 MPa 
- U-wraps at ends 
 
   * 2 layers of 
CFRP sheets 
 
   * 4 layers of 
CFRP sheets 
 
- U-wraps at ends 
 
   * 2 layers of 
CFRP sheets 
 
   * 4 layers of 
CFRP sheets 
CFRP sheets 
Ef = 230 GPa 
ffu = 3900 MPa 
ɛfu = 1.69% 
- Failure mode 
 FD, FD, FD, FD, FR 
- Load enhancement (%) 
 23, 38, 22, 33, 29 
- Ductility (%) 
 +1, -31. -12, -16, -18 
N/A - U-wraps at ends 
 
   * 2 layers of 
CFRP sheets 
 
   * 4 layers of 
CFRP sheets 
- U-wraps at ends 
And mechanical 
anchors all over 
 
   * 2 layers of 
CFRP sheets 
- U-wraps at ends 
And mechanical 
anchors all over 
 
   * 2 layers of 
CFRP sheets 
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Table 2.3 (Cont.): Previous studies on strengthening of continuous RC structures with EB-FRP composites 
Reference 
No. of 
specimens 
Test parameters 
Concrete Tension steel c Strengthening system 
Main outcomes e 
Type 
Geometry a 
(mm) 
fc’  b 
(MPa) 
Sagging Hogging 
Regime 
Properties d 
Sagging Hogging 
Kai et al. 
(2011) 
4 - Fire damage 
- Strengthening 
location 
Two span 
continuous T-
beam 
bw = 200 
hw = 220 
bfl = 900 
hf = 80 
l = 5400 
ls = 2700 
ctop = 30 
cbot = 30 
33 As = 308 mm
2 
       (2Ф14) 
ρs = 0.122% 
fy = 375 MPa 
As = 308 mm
2 
       (2Ф14) 
As
’ = 201 mm2 
       (4Ф8) 
 
ρs = 0.202% 
fy = 375 MPa 
- Fire damaged 
 
   * No 
strengthening 
 
   * N/A 
 
 
   * 2 layers of 
CFRP sheets 
- Fire damaged 
 
   * No 
strengthening 
 
   * 2 layers of 
CFRP sheets 
 
   * N/A 
CFRP sheets 
Ef = 243 GPa 
ffu = 3540 MPa 
ɛfu = 1.46% 
- Failure mode 
 CC, FR, FR 
- Load enhancement (%) 
 NC: -3, 0, +12 * 
 DC: +4, +16 ** 
- Ductility (%) 
 NC: -45, -64, -71 
 DC: -35, -48 
Maghsoudi 
and Bengar 
(2011) 
4 - Thickness of CFRP Two span 
continuous beam 
b = 150 
h = 250 
l = 6000 
ls = 2850 
ctop = 40 
cbot = 40 
75 As = 402 mm
2 
       (2Ф16) 
ρs = 1.28% 
fy = 412 MPa 
As = 402 mm
2 
       (2Ф16) 
ρs = 1.28% 
fy = 412 MPa 
- without U-
wraps at ends 
 1 layer 
 
 
- without U-
wraps at ends 
 1 layer 
 
 
CFRP sheets 
Ef = 242 GPa 
ffu = 3800 MPa 
ɛfu = 1.55% 
- Failure mode 
 FR (hog), IC (hog), IC (hog) 
- Load enhancement (%) 
 18, 35, 60 
- Ductility (%) 
 -66, -72, -78 - with U-wraps at 
ends 
 2 layers 
 3 layers 
 
- with U-wraps at 
ends 
 2 layers 
 3 layers 
 
Notations: 
𝒃: width of a rectangular section beam/slab, 𝒃fl: flange width, 𝒃𝒘: web width, 𝒉: height of beam/slab, 𝒉𝒇: flange depth, 𝒍: total 
length of specimen, ls = span length, ctop = top concrete cover, cbot = bottom concrete cover 
Failure modes: 
CC: concrete crushing, CS: cover separation, IC: intermediate crack debonding, FR: tensile 
(FRP) rupture, FD: fiber (FRP) debonding 
a In some studies, the dimensions were converted to the SI units 
b In some studies, the cube compressive strength was converted to cylinder compressive strength using fc
’ = 0.85 fcu 
c ρs = As / bd; where ρs is tensile steel ratio, As is tensile steel area, b is concrete width, d is the concrete height minus the concrete cover 
d In some studies, the ultimate FRP strain was not provided by the author and was calculated using ɛfu = ffu / Ef 
e Positive value indicates an increase in the ductility whereas a negative value indicates a decrease in the ductility of the specimen with respect to that of the control 
* NC = Calculations of the flexural response of fire damaged specimens (3 specimens) relative to that of the non-damaged control specimen 
** DC = Calculations of the flexural response of fire damaged specimens (2 specimens) relative to that of the fire damaged control specimen 
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2.3.2  Strengthening with Near-Surface-Mounted Composites 
The NSM-FRP technique has been adopted by few researchers for 
strengthening continuous RC structures. Main findings of the few studies found in the 
literature on strengthening of continuous RC elements with NSM composites are 
presented in this section. 
2.3.2.1 Effect of Location of Strengthening 
Liu et al. (2006) compared between strengthening with CFPR strips inserted 
into pre-cut grooves on the sides of the specimen at a slightly deeper level of the 
tension steel reinforcement with those installed at the top tension face of the concrete 
as shown in Figure 2.6. The strengthening with the side grooves resulted in changing 
the mode of failure from fiber debonding to concrete crushing in the sagging region. 
The moment at failure and the moment redistribution at failure were almost equal in 
both systems. It was noted that CFRP composites installed at the top tension face of 
the concrete attained higher FRP strain values than those installed on the sides. 
 
Figure 2.6: Strengthening technique (Liu et al. 2006) 
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2.3.2.2 Effect of Type of Composites 
Liu et al. (2006) used two CFRP strips that were glued together and then 
inserted in one groove over the top face of the hogging region. The mechanical 
properties of the two glued strips were almost 80% lower than a single strip alone. 
Another specimen was strengthened with two CFRP strips, each in a separate groove. 
Strengthening with two CFRP strips glued together changed the failure mode from 
concrete crushing in the sagging region to FRP debonding. The sagging and hogging 
moments at failure and moment redistribution values were insignificantly different. It 
was noticed that the strain attained by two glued CFRP strips was almost 35% lower 
than that attained by two single CFRP strips.  
2.3.2.3 Effect of Amount of Composite Reinforcement 
Breveglieri et al. (2012) reported that for the same amount of tensile steel and 
concrete geometry along with strengthening in the hogging region only, increasing the 
amount of composites changed the failure mode from concrete crushing to shear 
failure. It was noted that increasing the amount of NSM-CFRP strips decreased the 
ductility. Increasing the number of strips from one to three increased the strength gain 
by 150% (strength gain increased from 4% to 10%). Increasing the CFRP strips from 
two to five increased the load enhancement by approximately of 70% (strength gain 
increased from 10% to 17%). Using seven NSM-CFRP strips in the hogging region 
instead of three strips increased the load enhancement by approximately 75% (strength 
gain increased from 12% to 21%). The moment enhancement was greater than the load 
enhancement. 
 
 
 
 
Table 2.4: Previous studies on strengthening of continuous RC structures with NSM-FRP composites 
Reference 
No. of 
specimens 
Test parameters 
Concrete Tension steel c Strengthening system 
Main outcomes e 
Type 
Geometry a 
(mm) 
fc’  b 
(MPa) 
Sagging Hogging 
Regime 
Propertiesc 
Sagging Hogging 
Liu et al. 
(2006) 
6 - Strip property (FRP, 
steel) 
Two span 
continuous slab 
b = 120 
h = 375 
l = 5000 
ls = 2400 
ctop = 30 
cbot = 30 
36 As = 804 mm
2 
       (4Ф16) 
ρs = 1.94% 
fy = 562 MPa 
As = 226 mm
2 
       (2Ф12) 
ρs = 0.546% 
fy = 562 MPa 
N/A 
 
- bf = 20 mm 
 5 strips 
 
- bf = 15 mm 
 2 strips 
 1 strip 
CFRP strips 
Ef = 174 GPa 
ffu = 2800 MPa 
ɛfu = 1.61% 
- Failure mode 
 SF (sag), CC (sag), CC (sag) 
 CC (sag) 
 FD 
 SF (sag) 
- Moments at failure (kN.m) 
 Sag. Avg. = 27 
 Hog. = 25, 20, 19 
 Hog. = 16.4 
 Hog. = 17.4 
 Hog. = 18.4 
- Moment redistribution at failure (%) 
 11, 30,  31 
 39 
 35 
 32 
- Strips strain at failure (%) 
 0.72, 1.3, 1.5 
 4.2 
 0.84 
 3.5 
- bf = 20 mm 
 4 strips 
 
Steel strips 
Ef = 183 GPa 
ffu = 933 MPa 
ɛfu = 0.51% 
two strips glued 
together and 
inserted into one 
groove 
tf = 2.95 mm 
bf = 15 mm 
CFRP strips 
Ef = 140 GPa 
ffu = 2330 MPa 
ɛfu = 1.66% 
2 x two strips 
glued together 
and inserted into 
two grooves 
tf = 2 mm 
bf = 20 mm 
Steel strips 
Ef = 168 GPa 
ffu = 846 MPa 
ɛfu = 0.504% 
3 Two span 
continuous beam 
b = 220 
h = 240 
l = 5000 
ls = 2400 
ctop = 30 
cbot = 30 
 As = 1609 mm
2 
       (2Ф32) 
As = 1357 mm
2 
       (3Ф24) 
ρs = 6.42% 
fy = 590 MPa 
As = 226 mm
2 
       (2Ф12) 
ρs = 0.489% 
fy = 562 MPa 
N/A 
 
- groove on sides 
60 mm from top 
 2 strips 
- groove on top 
tension face 
 2 strips 
CFRP strips 
Ef = 174 GPa 
ffu = 2800 MPa 
ɛfu = 1.61% 
 
bf = 15 mm 
- Failure mode 
 CC (sag), FD, FD 
- Moments at failure (kN.m) 
 Sag. Avg. = 112 
 Hog. = 66, 67, 73 
- Moment redistribution at failure (%) 
 40, 39, 34 
- Strips strain at failure (%) 
 0.95, 1.02, 0.83 
2 x two strips 
glued together 
and inserted into 
two grooves 
tf = 2.77 mm 
bf = 15 mm 
CFRP strips 
Ef = 140 GPa 
ffu = 2330 MPa 
ɛfu = 1.66% 
Dalfré and 
Barros 
(2011) 
2 - Increasing the load 
capacity by 25% 
Two span 
continuous slab 
b = 375 
h = 120 
l = 5850 
ls = 2800 
ctop = 20 
cbot = 20 
31 As = 340 mm
2 
       (3Ф12) 
As = 314 mm
2 
       (4Ф10) 
ρs = 1.86% 
fy = 445 MPa 
As = 452 mm
2 
       (4Ф12) 
ρs = 1.28% 
fy = 445 MPa 
- 2 CFRP strips 
   tf = 1.4 mm 
  bf = 20 mm 
+ 
- 2 CFRP strips 
   tf = 1.4 mm 
  bf = 10 mm 
- 2 CFRP strips 
   tf = 1.4 mm 
  bf = 20 mm 
CFRP strips 
Ef = 158 GPa 
ffu = 2825 MPa 
ɛfu = 1.79% 
- Failure mode 
 CS (hog) followed by CC (sag) 
- Load enhancement (%) 
 52 
- Moment redistribution (%) 
 20 (control), 27 
- Ductility (%) 
 N/A 
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Table 2.4 (Cont.): Previous studies on strengthening of continuous RC structures with NSM-FRP composites 
Reference 
No. of 
specimens 
Test parameters 
Concrete Tension steel c Strengthening system 
Main outcomes e 
Type 
Geometry a 
(mm) 
fc’  b 
(MPa) 
Sagging Hogging 
Regime 
Propertiesc 
Sagging Hogging 
Breveglieri 
et al. (2012) 
9 - tensile steel 
arrangement 
- amount of CFRP 
strips 
Two span 
continuous slab 
b = 375 
h = 120 
l = 5850 
ls = 2800 
ctop = 25 
cbot = 25 
39 As = 452 mm
2 
       (4Ф12) 
As = 151 mm
2 
       (3Ф8) 
ρs = 1.69% 
fy = 402 MPa 
As = 565 mm
2 
       (5Ф12) 
ρs = 1.59% 
fy = 402 MPa 
N/A 
 
- 3 strips 
- 7 strips 
CFRP strips 
Ef = 158 GPa 
ffu = 2825 MPa 
ɛfu = 1.79% 
- Failure mode 
 CC, SF 
- Load enhancement (%) 
 12, 21 
- Moment enhancement (%) 
 Hog. = 51, 71 
- Ductility (%) 
 +16, -38 
As = 340 mm
2 
       (3Ф12) 
As = 314 mm
2 
       (4Ф10) 
ρs = 1.86% 
fy = 402 MPa 
As = 452 mm
2 
       (4Ф12) 
ρs = 1.27% 
fy = 402 MPa 
- 2 strips 
- 5 strips 
 - Failure mode 
 CC, SF 
- Load enhancement (%) 
 10, 17 
- Moment enhancement (%) 
 Hog. = 47, 78 
- Ductility (%) 
 +46, +29 
As = 678 mm
2 
       (6Ф12) 
As = 50 mm
2 
       (1Ф8) 
ρs = 2.04% 
fy = 402 MPa 
As = 236 mm
2 
       (3Ф10) 
As = 101 mm
2 
       (2Ф8) 
ρs = 0.946% 
fy = 402 MPa 
- 1 strip 
- 3 strips 
 - Failure mode 
 CC, SF 
- Load enhancement (%) 
 4, 10 
- Moment enhancement (%) 
 Hog. = 36, 74 
- Ductility (%) 
 +74, +9 
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Table 2.4 (Cont.): Previous studies on strengthening of continuous RC structures with NSM-FRP composites 
Reference 
No. of 
specimens 
Test parameters 
Concrete Tension steel c Strengthening system 
Main outcomes e 
Type 
Geometry a 
(mm) 
fc’  b 
(MPa) 
Sagging Hogging 
Regime 
Propertiesc 
Sagging Hogging 
Dalfré and 
Barros 
(2013) 
8 - tensile steel 
arrangement 
- amount of CFRP 
strips 
Two span 
continuous slab 
b = 375 
h = 120 
l = 5850 
ls = 2800 
ctop = 25 
cbot = 25 
32 As = 452 mm
2 
       (4Ф12) 
As = 151 mm
2 
       (3Ф8) 
ρs = 1.69% 
fy = 402 MPa 
As = 565 mm
2 
       (5Ф12) 
ρs = 1.59% 
fy = 402 MPa 
- 2 CFRP strips 
  bf = 20 mm  
+ 
  1 CFRP strip 
  bf = 10 mm 
- 4 CFRP strips 
  bf = 20 mm 
CFRP strips 
Ef = 158 GPa 
ffu = 2825 MPa 
ɛfu = 1.79% 
- Failure mode 
 CS (Hog) 
- Load enhancement (%) 
 45 
- Moment enhancement (%) 
 Sag. & Hog. =  N/A 
- Ductility (%) 
 -21 
As = 340 mm
2 
       (3Ф12) 
As = 314 mm
2 
       (4Ф10) 
ρs = 1.86% 
fy = 402 MPa 
As = 452 mm
2 
       (4Ф12) 
ρs = 1.27% 
fy = 402 MPa 
- 2 CFRP strips 
  bf = 20 mm + 
  2 CFRP strip 
  bf = 10 mm 
 
- 6 CFRP strips 
  bf = 20 mm + 
  1 CFRP strip 
  bf = 10 mm 
- 2 CFRP strips 
  bf = 20 mm 
 
 
 
- 3 CFRP strips 
  bf = 20 mm 
- Failure mode 
 CS (Hog), CS (Sag) 
- Load enhancement (%) 
 52, 68 
- Moment enhancement (%) 
 Sag. = 61, 83  
 Hog. = 40, 40 
- Ductility (%) 
 +31, -6 
As = 678 mm
2 
       (6Ф12) 
As = 50 mm
2 
       (1Ф8) 
ρs = 2.04% 
fy = 402 MPa 
As = 236 mm
2 
       (3Ф10) 
As = 101 mm
2 
       (2Ф8) 
ρs = 0.946% 
fy = 402 MPa 
- 2 CFRP strips 
  bf = 20 mm  
 
- 6 CFRP strips 
  bf = 20 mm  
 
- 2 CFRP strips 
  bf = 10 mm 
 
- 2 CFRP strips 
  bf = 20 mm 
- Failure mode 
 SF, SF  followed by FR (hog) 
- Load enhancement (%) 
 29, 53 
- Moment enhancement (%) 
 Sag. = 32, 61, * Hog. = 24, 29 
- Ductility (%) 
 -6, -15 
Notations: 
𝒃: width of a rectangular section beam/slab, 𝒃fl: flange width, 𝒃𝒘: web width, 𝒉: height of beam/slab, 𝒉𝒇: flange depth, 𝒍: total 
length of specimen, ls = span length, ctop = top concrete cover, cbot = bottom concrete cover 
Failure modes: 
CC: concrete crushing, CS: cover separation, IC: intermediate crack debonding, FR: tensile 
(FRP) rupture, FD: fiber (FRP) debonding 
a In some studies, the dimensions were converted to the SI units 
b In some studies, the cube compressive strength was converted to cylinder compressive strength using fc
’ = 0.85 fcu 
c ρs = As / bd; where ρs is tensile steel ratio, As is tensile steel area, b is concrete width, d is the concrete height minus the concrete cover 
d In some studies, the ultimate FRP strain was not provided by the author and was calculated using ɛfu = ffu / Ef 
e positive value indicates an increase in the ductility whereas a negative value indicates a decrease in the ductility of the specimen with respect to that of the control 
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2.4 Research Significance 
Accidental reduction in the amount of the steel reinforcement in the sagging or 
hogging regions of continuous RC floor slabs is a typical problem that might be 
encountered in practice due to an error in design, unclear drawings, or overlooked 
verification of reinforcement prior to casting of concrete. Existence of such 
deficiencies would compromise the flexural capacity and serviceability of RC floor 
slabs.  
The use of composite-based systems has become a competitive structural 
engineering solution for strengthening deficient RC building and bridge components. 
Nevertheless, the available knowledgebase on FRP application of continuous RC 
structures is scarce, as opposed to that for simply-supported RC structures. There is 
also a lack of numerical studies on performance prediction of continuous RC structures 
strengthened with composites. Proper modelling, design and detailing of continuous 
RC structures having conventional steel reinforcing bars require sound engineering 
judgment and experience to achieve a safe solution. The problem becomes more 
complex when the steel reinforcing bars is supplemented by FRP composite 
reinforcement.  
The present research work provide experimental evidences on the performance 
of two-span continuous RC slab strips strengthened with composite-based systems. 
The experimental evidences are supplemented by nonlinear finite element (FE) 
modeling. Research outcomes would assist practitioners and researchers in producing 
a satisfactory measure for strengthening flexure-deficient continuous RC slab strips 
using composites. The developed FE models can serve as a numerical platform for 
 60 
 
 
prediction of the nonlinear flexural response of continuous RC slab strips strengthened 
with composites. 
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Chapter 3: Experimental Program 
3.1 Introduction 
This chapter presents details of the experimental program concerning the 
flexural response of deficient reinforced concrete (RC) one-way continuous slabs 
strengthened with composites. The specimens were flexure-deficient in either the 
sagging or the hogging region. The deficiency was represented by a reduced amount 
of steel reinforcement within the concerned deficient region. In practical applications, 
insufficient reinforcement could happen due to an error in design or omission of steel 
bars during construction. The deficient slabs were strengthened using either near-
surface-mounted (NSM) or externally-bonded (EB) composite reinforcement. Other 
test parameters included the type and amount of composite reinforcement and 
inclusion of mechanical anchorages in the EB strengthening system. The specimens 
were fabricated and tested in the concrete and structural laboratories of the UAEU, 
respectively.   
3.2 Test Program  
The test program comprised testing a total of sixteen specimens. Each 
specimen was in the form of a two-span continuous one-way RC slab. All specimens 
were constructed using the same concrete mixture. Concrete cylinders and cubes were 
sampled during casting and subsequently tested to determine the concrete compressive 
and splitting strengths. Sample steel reinforcing bars were also tested under uniaxial 
tension force to determine the steel yielding and ultimate strengths. Results of these 
tests are summarized in section 3.5. 
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The test matrix is given in Table 3.1. The specimens were divided into two 
groups [A] and [B], based on the location of the flexural deficiency. Details of each 
group are presented herein. 
Table 3.1: Test matrix 
Group 
Tension steel 
reinforcement
a
 
Strengthening system 
Designation
b
 
Sagging Hogging Sagging Hogging 
G
ro
u
p
 [
A
] 
(D
ef
ic
ie
n
cy
 i
n
 s
ag
g
in
g
) 
2 No.10 
2 No.10 
+ 
3 No.12 
- - S-NS 
NSM-CFRP (1 strip) - S-NSM-C1 
NSM-CFRP (2 strips) - S-NSM-C2 
NSM-GFRP (3 bars) - S-NSM-G3 
EB-CFRP (2 layers) - S-EB-C2 
EB-CFRP (4 layers) - S-EB-C4 
EB-CFRP 
(2 layers + Anchors) 
- S-EB-C2A 
EB-CFRP 
(4 layers + Anchors) 
- S-EB-C4A 
G
ro
u
p
 [
B
] 
(D
ef
ic
ie
n
cy
 i
n
 h
o
g
g
in
g
) 
2 No.10 
+ 
3 No.12 
2 No.10 
- - H-NS 
- NSM-CFRP (1 strip) H-NSM-C1 
- NSM-CFRP (2 strips) H-NSM-C2 
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a No.10 refers to 10 mm diameter steel reinforcing bar and No.12 refers to 12 mm diameter steel 
reinforcing bars. 
b (S) and (H) refer to sagging and hogging, respectively. (NS) refers to no strengthening. (NSM) and 
(EB) refer to near surface mounted and externally bonded, respectively. The numbers 1, 2, 3, and 4 refer 
to number of CFRP strips, GFRP bars, or CFRP sheets. A refers to the presence of mechanical 
Anchorage. 
3.2.1 Group [A] 
Group [A] included a total of eight specimens that were identical in geometry 
and arrangement of steel reinforcement. Specimens of this group were internally 
reinforced with 3No.12 + 2No.10 steel bars in the hogging region and 2No.10 tension 
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steel bars in each sagging region. The No.10 bars had a nominal diameter of 10 mm 
whereas the No.12 bars had a nominal diameter of 12 mm. The reduced amount of 
tension steel in the sagging regions resembles a flexural deficiency that might be 
encountered in practical applications due to an error in design or a construction defect 
(i.e. omission of steel during construction). The compression steel reinforcement in 
both sagging and hogging regions consisted of 2No.10 steel bars. One specimen was 
left unstrengthened to act as a benchmark for other specimens of this group. The 
remaining seven specimens were strengthened in the sagging region with composites. 
Three specimens were strengthened with NSM composite reinforcement and four 
specimens were strengthened with EB composite sheets. The NSM composite 
reinforcement included either carbon fiber-reinforced polymers (CFRP) strips or glass 
fiber-reinforced polymers (GFRP) reinforcing bars. As such, one specimen (S-NSM-
C1) was strengthened with one NSM-CFRP strip, one specimen (S-NSM-C2) was 
strengthened with two NSM-CFRP strips, and one specimen (S-NSM-G3) was 
strengthened with three NSM-GFRP bars. Two of the specimens having EB 
composites were strengthened with two CFRP sheets, one specimen without a 
mechanical anchorage (S-EB-C2) and one specimen with a mechanical anchorage (S-
EB-C2A). The remaining two specimens were strengthened with four EB-CFRP 
sheets, one specimen without a mechanical anchorage (S-EB-C4) and one specimen 
with a mechanical anchorage (S-EB-C4A). 
3.2.2 Group [B] 
Specimens of group [B] consisted of eight specimens. The tension steel 
reinforcement in the sagging regions consisted of 3No.12 + 2No.10 steel bars, whereas 
only 2No.10 steel bars were used as tension steel reinforcement in the hogging region. 
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The No.10 bars had a nominal diameter of 10 mm whereas the No.12 bars had a 
nominal diameter of 12 mm. The reduced amount of steel reinforcement in the hogging 
region simulates a flexural deficiency that might happen in field application due to 
omission of steel bars during construction or a mistake in design. The compression 
steel reinforcement in both sagging and hogging regions consisted of 2No.10 steel 
bars. One specimen was not strengthened to act as a benchmark whereas seven 
specimens were strengthened in the hogging region with NSM and EB composite 
systems. Specimens H-NSM-C1 and H-NSM-C2 were strengthened with one and two 
NSM-CFRP strips, respectively, whereas specimen H-NSM-G3 was strengthened with 
three NSM-GFRP reinforcing bars. Specimens H-EB-C2 and H-EB-C2A were 
strengthened with two EB-CFRP sheets without and with a mechanical anchorage, 
respectively. Finally, specimens H-EB-C4 and H-EB-C4A were strengthened with 
four EB-CFRP sheets without and with a mechanical anchorage, respectively. 
3.3 Test Specimens  
Details of specimens of groups [A] and [B] are shown in Figure 3.1 and 
Figure 3.2, respectively. The test specimen was designed to represent a two-span 
column strip in a flat plate floor system. Each specimen was 3800 mm long, 400 mm 
wide and 125 mm deep. The specimen comprised two equal spans, 1800 mm each. 
The dimensions were chosen to accommodate the available loading equipment and 
testing frame available in the structural laboratory of the UAEU. 
In a flat plate RC floor system, practical application would involve the use of 
top and bottom steel meshes covering the entire floor area supplemented by extra 
(additional) top steel reinforcing bars within the hogging regions (i.e. over supporting 
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columns) and extra bottom steel rereinforcing bars within the sagging regions (i.e. 
between supporting columns).  
Two No.10 (10 mm diameter) steel reinforcing bars were provided along the 
entire length of each test specimen to resemble the top and bottom steel meshes in a 
real RC flat plate floor system. Specimens of group [A] had additional top steel bars 
of 3No.12 (12 mm diameter) in the hogging region, each having a length of 1200 mm, 
and placed symmetrically about the central support. The additional top steel 
reinforcement extended inside each span for 600 mm. The extended length of the 
additional steel in the hogging region corresponded to one-third of the span length as 
recommended by most international guidelines/standards (e.g. ACI 318-08). 
It should be noted that high steel ratio is typically used in the slab regions that 
include main and additional reinforcement. Specimens of group [A] did not include 
additional steel reinforcement in the sagging regions to simulate a construction 
deficiency in these regions. The total area of steel in the hogging region for the 
specimens of this group was As = 496.4 mm
2, which corresponded to a steel ratio of ρ 
= 1.4%. This steel ratio corresponded to 0.7 ρ
b
, where 𝜌𝑏 = balanced steel ratio. The 
total area of steel in the sagging region was As = 157.1 mm
2 with a steel ratio of ρ = 
0.45%. This steel ratio corresponded to 0.22 ρ
b
. As mentioned earlier, the reduced area 
of steel was used to represent a deficiency in the concerned region of the slab.  
Specimens of group [B] included 3No.12 (12 mm diameter) additional steel 
reinforcement in the sagging region with a length of 1530 mm and placed 
symmetrically about the mid-span (i.e. stopped at 135 mm from each support). No 
additional steel reinforcement was provided over the middle support for specimens of 
group [B] to resemble a construction deficiency in the hogging region. The steel ratios 
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in the sagging and hogging regions were opposite of those of specimens of group [A] 
with values of 1.4% and 0.45%, respectively. 
Test specimens included shear reinforcement to prevent shear mode of failure 
and ensure they would fail in flexure. The shear reinforcement in specimens of both 
groups consisted of 8 mm diameter double-leg deformed steel stirrups spaced at 75 
mm on center. The top/bottom clear concrete cover to the stirrups was 25 mm whereas 
the side clear cover to the stirrups was 15 mm.   
  
Section A-A Section B-B 
 
Figure 3.1: Concrete dimensions and details of reinforcement for specimens of 
group [A] (All dimensions are in mm) 
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Section A-A Section B-B 
 
Figure 3.2: Concrete dimensions and details of reinforcement for specimens of 
group [B] (All dimensions are in mm) 
3.4 Specimens Fabrication 
The longitudinal steel reinforcing bars were first cut to the desired lengths. The 
stirrups were then cut and bent. The steel cages were then assembled as shown in 
Figure 3.3(a). Timber sheets were used in the assembly of the forms where steel cages 
were installed in position as shown in Figure 3.3(b). Casting of the specimens was 
conducted in two consecutive phases, one week apart, where specimens of group [A] 
were cast first followed by those of group [B]. Following casting specimens of group 
[A], the forms were removed after 5 days then reassembled for the casting of 
specimens of group [B]. Each casting session included eight specimens that 
represented an entire group. All specimens had a curing program that was similar to 
that of a real construction site. After casting, the specimens were covered with 
polyethylene sheets for one day to maintain the humidity around the specimens. The 
specimens were then covered by burlap sheets, which were sprayed with tap water five 
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times a day.  The curing process by means of periodically-wetted burlaps continued 
for 28 days. 
The materials used for the concrete mix were available in the concrete 
laboratory of the UAEU except the cement which was provided by a local supplier. 
Preceding to casting, a trial mix was conducted and three cylinders were tested to 
evaluate the compressive strength of the concrete mixture before casting of test 
specimens. The trial mix resulted in an average cylinder compressive strength of 18.25 
MPa after 3 days of continuous water-curing. The 3-day compressive strength was 
acceptable because the target 28-day cylinder compressive strength was 25 MPa. The 
target concrete compressive strength of f
c
'
 = 25 MPa was selected so that the test 
specimens would fail at load levels lower than the capacity of the existing actuator and 
reaction frame. Mortar blocks were used to maintain clear bottom and top concrete 
covers of 25 mm. All specimens were cast in a horizontal position, compacted by a 
hand held vibrator, and trowel finished after the completion of casting. Figure 3.4 
summarizes the casting process.  
Strain gauges were bonded to the tension steel reinforcing bars at the mid-spans 
and over the middle support. The steel surface was ground to remove the ribs and make 
the surface flat. A strong adhesive was used to bond the strain gauge to the surface of 
the bar as shown in Figure 3.5(a). The strain gauges were then protected using a coating 
tape recommended by the manufacturer to avoid any damage during concrete casting 
as shown Figure 3.5(b). Finally, an insulation tape was wrapped around the steel bar 
at the location of the strain gauge for further safety and protection. 
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(a) Fabricated steel cages (b) Steel cages inside the forms 
Figure 3.3:  Steel cages and timber forms 
   
(a) Pouring of Concrete (b) Vibration of concrete (c) Initial curing 
Figure 3.4: Casting process 
  
(a) Strain gauge bonded to steel (b) Protective coating of strain gauge 
Figure 3.5: Attachment of strain gauge to flexural steel 
3.5 Material Properties 
The fine and coarse aggregates used in the concrete mixture were available in 
the concrete laboratory of the UAEU. The cement and steel reinforcing bars were 
acquired from the local market. The CFRP strips, flexible fiber fabrics, and epoxy used 
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in strengthening were acquired from Sika® whereas the GFRP bars were obtained from 
Pultron Composites®.  
3.5.1 Concrete 
The concrete mix proportions by weight are given in Table 3.2. Ordinary Type1 
Portland cement was used in the concrete mix. The water to cement ratio was 0.5. Half 
of the amount of the coarse aggregate had a nominal size of 10 mm whereas the other 
half had a nominal size of 20 mm. The fine aggregate included dune sand and black 
sand. The black sand constituted 60% of the total amount of the fine aggregates. A 
total of three cylinders (150 mm in diameter and 300 mm in height), and three cubes 
(150 mm x 150 mm) were sampled during casting to evaluate the concrete compressive 
strength. Additional three cylinders (100 mm in diameter and 200 mm in height) were 
sampled during casting to evaluate the concrete splitting strength. The cylinders and 
cubes were subjected to the same curing condition as that of test specimens. The 
cylinders and cubes were tested on the first day of structural testing which was 
approximately four months after concrete casting. The concrete compressive strength 
results are given in Table 3.3 whereas the splitting strength results are given in 
Table 3.4. The average compressive strength obtained from the cylinders was 28 MPa 
with a standard deviation of 1.2 MPa whereas the average compressive strength 
obtained from the cubes was 41 MPa with a standard deviation of 1.7 MPa. The 
splitting strength of the concrete was on average of 2.6 MPa with a standard deviation 
of 0.1 MPa. 
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3.5.2 Steel Reinforcement 
The main flexural steel reinforcement consisted of No.10 (10 mm diameter) 
deformed bars while No.12 (12 mm diameter) deformed bars were used as additional 
steel reinforcement in the non-deficient regions. The stirrups in all specimens consisted 
of No.8 (8 mm diameter) deformed bars. Three steel coupons were taken randomly 
from each bar size then tested under uniaxial tension in a certified local laboratory. 
Tensile test results of the steel coupons are reported in Table 3.5. The average yield 
strengths for the No.8, No.10, and No.12 bars were 588, 515, and 482 MPa, 
respectively, with corresponding standard deviations of 22, 30, and 2 MPa, 
respectively. The ultimate strengths for the same bars were 694, 600, and 571 MPa 
with standard deviations of 12, 22, and 5 MPa, respectively. The No.8, No.10, and 
No.12 bars had average values for the elongation at break of 21%, 25%, and 19%, 
respectively. 
Table 3.2: Concrete mix proportions by weight 
Cement 
Fine aggregates Course aggregate 
Water 
Dune sand Black sand 
Medium 
(10 mm) 
Large  
(20 mm) 
1 0.50 0.80 1.45 1.45 0.50 
 
Table 3.3: Concrete compressive strength results 
                     Sample # 
Property 
Sample 
# 1 
Sample 
# 2 
Sample 
# 3 
Average 
Cylinders f
c
'
 (MPa) 27 29 27 28 ± 1.2 
Cubes fcu (MPa) 40 43 40 41 ± 1.7 
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Table 3.4: Concrete splitting strength results 
                     Sample # 
Property 
Sample 
# 1 
Sample 
# 2 
Sample 
# 3 
Average 
fct (MPa) 2.6 2.6 2.7 2.6 ± 0.1 
 
Table 3.5: Tensile test results of steel coupons 
Bar size Sample # 
f
y
  
(MPa) 
f
u
  
(MPa) 
Elongation 
at break (%) 
f
y,avg
  
(MPa) 
f
u,avg
 
(MPa) 
No.8 
(8 mm diameter) 
1 597 699 20 
588 ± 22 694 ± 12 2 603 703 20 
3 563 680 23 
No.10 
(10 mm diameter) 
1 520 598 27 
515 ± 30 600 ± 22 2 542 622 26 
3 483 578 22 
No.12 
(12 mm diameter) 
1 480 565 20 
482 ± 2 571 ± 5 2 483 575 18 
3 484 573 17 
 
3.5.3 Composite Reinforcement 
Two types of pre-cured composite reinforcement were used separately in the 
NSM strengthening system. One type was in the form of pre-cured CFRP plates. They 
were pultruded carbon fiber reinforced polymer composite strips commercially known 
as Sika® CarboDur® plates. The NSM-CFRP plates used in the current study had a 
thickness of 2.5 mm and a width of 15 mm. According to the manufacturer’s data 
sheet, a typical CFRP plate has a tensile modulus of 165 GPa, tensile strength of 3100 
MPa, and a corresponding ultimate elongation at break point of 1.9%. The second type 
of NSM composite was in the form of GFRP bars manufactured by Pultron 
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Composites®, with a diameter of 10 mm. The surface of the GFRP bars had ribs on it 
to improve the bond between the bars and the concrete. According to the manufacturer, 
a typical GFRP bar has a tensile modulus of 59 GPa and a tensile strength of 900 MPa. 
Table 3.6 shows the mean values of the tensile modulus, tensile strength, and the 
ultimate elongation of the FRP composites and adhesives used in strengthening as 
provided by the corresponding manufacturers.  
The NSM composite reinforcements were held in place using an epoxy 
adhesive commercially known as Sikadur LP® having a tensile modulus of 4.5 GPa, 
tensile strength of 25 MPa, and an ultimate elongation of 1% (data was obtained from 
the manufacturer).  
 The EB composite system involved the use of flexible unidirectional carbon 
fiber fabrics commercially known as SikaWrap 300C® impregnated and bonded to the 
concrete surface with a compatible epoxy resin commercially known as Sikadur 330®. 
The manufacturer’s data sheet indicates that a dry carbon fiber fabric sheet has a tensile 
modulus of 230 GPa, a tensile strength of 3900 MPa, an ultimate elongation of 1.5%, 
and a nominal thickness of 0.17 mm. The Sikadur 330® epoxy has a tensile modulus 
of 3.8 GPa, tensile strength of 30 MPa, and an ultimate elongation of 1.5% as provided 
by the manufacturer. 
In four specimens, the EB composite system was accompanied by mechanical 
anchors. The mechanical anchorage system was composed of CFRP plates, 
commercially known as SAFSTRIP®, and threaded anchor bolts. This type of 
composite plate is a hybrid carbon and glass fiber composite with vinylester matrix 
(Lamanna et al. 2001; Lee et al. 2009). A typical composite plate has a thickness of 
3.2 mm, elastic modulus of 68 GPa, and tensile strength of 848 MPa (Lamanna et al. 
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2001; Lee et al. 2009). The SAFSTRIP® plates were installed at discrete locations and 
held in place using SikaDur 330® and anchor bolts commercially known as HUS-H®. 
Table 3.6: Mechanical properties of composite materials used in strengthening 
Strengthening 
system 
Material 
Tensile 
modulus 
(GPa) 
Tensile 
strength 
(MPa) 
Ultimate 
elongation 
(%) 
NSM-CFRP 
CFRP pultruded plates 
Sike® CarboDur® 
165 3100 1.9 
Epoxy resin 
Sikadur 30 LP® 
4.5 25 1 
NSM-GFRP  
GFRP bars                    
Pultron composites® 
59 900 1.5 
Epoxy resin 
Sikadur 30 LP® 
4.5 25 1 
EB-CFRP 
Carbon fiber dry fabric 
SikaWrap 300C® 
230 3900 1.7 
Epoxy resin 
Sikadur 330® 
3.8 30 1.5 
Mechanical 
anchorage 
SAFSTRIP® 68 848 1.2 
Epoxy resin 
Sikadur 330® 
3.8 30 1.5 
HUS-H® threaded 
anchor bolts 
-- -- -- 
 
3.6 Strengthening Techniques 
The deficient specimens were strengthened using two different composite 
strengthening techniques namely; near-surface-mounted (NSM) and externally-
bonded (EB) composite systems. Details of the strengthening regime and methodology 
are presented in this section.  
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3.6.1 Near-Surface-Mounted Composite System 
Three specimens from each group were strengthened in flexure using the near-
surface-mounted (NSM) technique. Two of these specimens were strengthened with 
NSM-CFRP plates and one specimen was strengthened with NSM-GFRP bars. 
Layouts of the NSM composite reinforcement for specimens of groups [A] and [B] are 
shown in Figure 3.6 and Figure 3.7, respectively. Specimens of group [A] were 
strengthened only in the sagging regions using one NSM-CFRP strip (S-NSM-C1), 
two NSM-CFRP strips (S-NSM-C2) or three NSM-GFRP bars (S-NSM-G3). The 
NSM composite reinforcement in each sagging region had a length of 1530 mm placed 
symmetrically around the mid-span. The length of the NSM composite reinforcement 
was equivalent to 0.85l where l = span length. Specimens of group [B] were 
strengthened only in the hogging region. Specimen H-NSM-C1 had a single NSM-
CFRP strip while specimen H-NSM-C2 had two CFRP strips and specimen H-NSM-
G3 had three GFRP bars. The NSM composite reinforcement in the hogging region 
had a length of 1200 mm placed symmetrically around the middle support. The length 
of the NSM composite reinforcement extended inside each span by 600 mm which 
corresponded to (1/3)l. 
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Side view of a test specimen of group [A] 
 
 
Specimen S-NSM-C1 
 
Specimen S-NSM-C2 
 
Specimen S-NSM-G3 
Section (A-A) 
Figure 3.6: NSM composite reinforcement for specimens of group [A] 
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Side view of a test specimen of group [B] 
 
 
Specimen H-NSM-C1 
 
Specimen H-NSM-C2 
 
Specimen H-NSM-G3 
Section (A-A) 
Figure 3.7: NSM composite reinforcement for specimens of group [B] 
The two different types of NSM composite reinforcements were used to 
investigate the influence of varying the type of composites on the structural response 
while keeping their axial rigidity almost unchanged. The axial rigidity of the two 
NSM-CFRP plates, used in specimens S-NSM-C2 and H-NSM-C2, was EfAf  = 12,375 
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kN whereas the axial rigidity of the three NSM-GFRP bars, used in strengthening 
specimens S-NSM-G3 and H-NSM-G3, was EfAf  = 13,902 kN. The effect of varying 
the type of the composite material on the structural response would then be more 
evident since all other parameters were kept constant. 
 The CFRP strips and GFRP bars were placed into longitudinal grooves cut 
onto the tension concrete cover of the specimen. The location of grooves were first 
marked on the concrete surface. The grooves were then cut using the slitting machine 
shown in Figure 3.8(a) manufactured by Hilti®. The slitting machine is accompanied 
by the vacuum shown in Figure 3.8(b) for dust removal and collection. The minimum 
groove width specified by the ACI 440R-07 for the plates is wG=3tf and for the bars is 
wG=1.5df, where wG = groove width, tf = thickness of the composite plate and df = 
diameter of the composite bar. Similarly, the minimum depth of the grooves as 
specified by the ACI 440R-07 for the plates is dG=1.5bf and for the bars is dG=1.5df, 
where dG = groove depth, bf = width of the composite plate. The grooves accordingly, 
were 10 mm wide and 23 mm deep for the CFRP plates and 20 mm in both width and 
depth for the GFRP bars. A photo of a typical test specimen with grooves marked and 
cut is shown in Figure 3.8(c). 
 
  
(a) Hilti® DC-SE20 
slitting  machine (Hilti® 2014) 
(b) Hilti® VCD 50 
Vacuum (Hilti® 2014) 
(c) Grooves marked and 
cut 
Figure 3.8: Cutting grooves on concrete surface 
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Strain gauges were bonded to the NSM composite reinforcement to monitor 
the FRP strains during testing. Locations of strain gauge were first marked. The surface 
of the CFRP plate was roughened using sanding papers. The rib of the GFRP bars at 
the location of the strain gauge was removed and the surface was flattened using a 
grinder. A small piece of duct tape was placed on the surface to prevent the strain 
gauge leads from being glued to the FRP material. Strain gauges (5 mm long) were 
glued to the surface of the FRP using a commercial super glue known as Bison® 
SuperGlue®. Ultimate care was taken to avoid damaging of the strain gauge 
components. All FRP plates and bars were stored in a proper place at room temperature 
till the time of strengthening. Figure 3.9 shows a CFRP plate and a GFRP bar 
instrumented with a strain gauge. 
  
(a) Strain gauge bonded to CFRP plate (b) Strain gauge bonded to GFRP bar 
Figure 3.9: Strain gauges bonded to composite reinforcement 
Epoxy resin commercially known as Sikadur 30 LP®, which consisted of two 
components, mixed with the ratios of 3:1 by weight was used to bond the CFRP plates 
and GFRP bars to the surface of concrete grooves. The mixed matrix was injected into 
the grooves using a cartridge gun. The composite reinforcement was then inserted into 
the grooves. Final surface was trowel finished for aesthetic purpose and to imitate site 
conditions. Figure 3.10 shows materials and tools used for preparation and application 
of the epoxy adhesive used in the NSM strengthening system.  
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(a) Sikadur 30 LP® (b) Mixer used (c) Cartridge gun 
Figure 3.10: Materials and tools used in Bonding NSM composites to concrete 
3.6.2 Externally-Bonded Composite System 
Four specimens from each group were strengthened with EB-CFRP sheets.  
The dry carbon fiber fabrics used in strengthening are commercially known as 
SikaWrap 300C® that come in a continuous roll, 500 mm wide and 100 m long. 
Layouts of the EB-CFRP reinforcement for specimens of groups [A] and [B] are 
shown in Figure 3.11 and Figure 3.12, respectively. Specimens of group [A] were 
strengthened only in the sagging regions whereas specimens of group [B] were 
strengthened only in the hogging region.  
Specimens S-EB-C2 and S-EB-C2A from group [A] were strengthened in each 
sagging region with two EB-CFRP sheets, each of one layer having a width of 100 mm 
and a length of 1530 mm. The EB-CFRP sheets had a clear spacing of 100 mm in the 
transverse direction. They were placed symmetrically around the mid-span section in 
each sagging region. The length of each EB-CFRP sheet corresponded to 0.85l, where 
l = span length. Specimens S-EB-C4 and S-EB-C4A had the same EB-CFRP layout as 
that of specimens S-EB-C2 and S-EB-C2A but the EB-CFRP reinforcement was of a 
double-layer instead of a single layer.  
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Specimens H-EB-C2 and H-EB-C2A from group [B] were strengthened in the 
hogging region using two EB-CFRP sheets, 100 mm apart, each of a single  layer 
having a width of 100 mm and a length of 1200 mm. The EB-CFRP sheets were placed 
symmetrically around the middle support so that the extended length inside each span 
(600 mm) corresponded to (1/3)l where l = span length. Specimens H-EB-C4 and H-
EB-C4A had the same EB-CFRP configuration at that of specimens H-EB-C2 and H-
EB-C2A but the EB-CFRP reinforcement was of a double-layer rather than a one-
layer. 
The carbon fiber fabrics were cut into desired lengths then impregnated and 
bonded to the concrete using SikaDur 330® epoxy resin. The SikaDur 330® consisted 
of two components A and B that were mixed together for about 5 minutes in a ratio of 
3 to 1 by weight, as indicated by the manufacturer, using a low speed mixer (400 – 600 
rpm). The concrete surface was ground using a hand-held grinder to remove the weak 
surface layer of concrete where CFRP sheets were to be installed. The resin was then 
applied to the surface and spread over using a brush. After that, the sheets were placed 
in position and pressed gently using a roller to flatten the sheet and force the resin to 
penetrate through the fabric rovings. A final thin layer of resin was applied on top 
surface of the carbon fabrics until they became completely impregnated with the resin. 
Figure 3.13 summarizes the EB-CFP strengthening process. 
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Bottom view  
 
Section (A-A) 
Figure 3.11: Layout of the EB-CFRP reinforcement for specimens of group [A] 
 
Top view 
 
Section (A-A) 
Figure 3.12: Layout of the EB-CFRP reinforcement for specimens of group [B] 
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(a) Dry carbon fiber fabrics cut at desired 
length 
(b) Concrete surface preparation 
  
(c) Installation of EB-CFRP (d) Air curing of strengthened specimens 
Figure 3.13: EB-CFRP strengthening process 
It should be noted that the strengthening of specimens S-EB-C2A and S-EB-
C4A from group [A] and specimens H-EB-C2A and H-EB-C4A from group [B] 
included mechanical anchorages installed at discrete locations along the length of the 
EB-CFRP sheets. Distribution of the mechanical anchors for specimens S-EB-C2A 
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and S-EB-C4A from group [A] is shown in Figure 3.14. The spacing between the 
mechanical anchors was 225 mm except the end spacing which was 177.5 mm.  
Distribution of mechanical anchors for specimens H-EB-C2A and H-EB-C4A 
from group [B] is shown in Figure 3.15. The mechanical anchors were spaced at a 
distance of 175 mm except at the ends where the spacing was 137.5 mm. 
 
Bottom view 
 
Detail (A) 
 
 
Detail (B) Hilti® HUS-H threaded anchor bolt 
Figure 3.14: Distribution of mechanical anchors for specimens S-EB-C2A and S-
EB-C4A (All dimensions are in mm) 
 
400
CL Detail (A)
one or two EB-CFRP layers
SAFSTRIP® plate
Hilti® fastener
one or two EB-CFRP layers
SAFSTRIP® plate Hilti® fastenerSupport Support Support
3800
1530
135
1530
135135 135
 
765
225 225 177.5
25
112.5
100
50
Detail (B)
765
225225177.5
25
112.5
100
50
 
Anchor bolt
50
CFRP plate
100
55 mm 
8 mm 
 85 
 
 
 
 
Top view 
 
Detail (A) 
 
 
Detail (B) Hilti® HUS-H threaded anchor bolt 
Figure 3.15: Distribution of mechanical anchors for specimens H-EB-C2A and H-
EB-C4A (All dimensions are in mm) 
The mechanical anchorage system consisted of pultruded pre-cured 
SAFSTRIP® CFRP composite plates, 50 mm wide and 100 mm long each, bonded to 
the external surface of the EB-CFRP sheets as shown in Figure 3.16 and also 
mechanically anchored using Hilti HUS-H® threaded anchor bolts. The anchor bolts 
were installed into holes pre-drilled at the center of the SAFSTRIP® plate. The pre-
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drilled holes were 8 mm in diameter and 65 mm deep from the surface of the bonded 
plate. Each threaded anchor bolt had a length of 55 mm and a core diameter of 8 mm. 
The HUS-H® threaded anchor bolts were installed into the pre-drilled holes using a 
rotary hammer drill. As recommended by the manufacturer, the depth of the hole was 
10 mm deeper than the length of the anchor bolt. The tools used in installation of the 
mechanical anchors are shown in Figure 3.17. 
  
(a) SAFSTRIP® CFRP plates (b)  SAFSTRIP® bonded to EB-CFRP 
Figure 3.16: SAFSTRIP® plates used in the mechanical anchorage system 
 
 
Figure 3.17: Tools used in installation of the mechanical anchorage system 
Strain gauges were bonded to the surface of the EB-CFRP sheets prior to 
testing at mid-spans and over the middle support. In some specimens additional strains 
gauges were bonded at discrete locations along the EB-CFRP sheets as shown in 
Figure 3.18. The surface of the EB-CFRP sheet was first flattened and smoothened 
Rotary hammer 
drill 
Threaded anchor 
bolts 
Drill 
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using sand paper and then cleaned off of debris and dust. Strain gauges were then 
bonded on the surface and connected to their respective channels in the data logger.  
 
(a) Specimen of group [A] 
 
(b) Specimen of group [B] 
Figure 3.18: Positions of EB-CFRP strain gauges 
3.7 Test Setup and Instrumentation 
All specimens were tested to failure under monotonic loading. The specimens 
were subjected to two point loads, located at the mid-spans. The load was applied using 
a hydraulic jack placed at the midpoint of the specimen. A spreader steel beam was 
used to spread the load equally to the loading points. A test in progress is shown in 
Figure 3.19 whereas a schematic showing the test setup and instrumentation is shown 
in Figure 3.20.  
The specimen had two equal spans, 1800 mm each, and hence it was rested on 
three supports 1800 mm apart. A 500 kN load cell was placed between the hydraulic 
jack and the spreader steel beam to record the total applied load. A 200 kN load cell 
was placed between the middle support and the bottom soffit of the specimen to read 
the middle support reaction. Two linear variable differential transducers (LVDTs) 
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were used to record the deflections at the mid-spans. Concrete clip gauges, each having 
a gauge length of 100 mm and capacity of 5 mm, were mounted on the concrete surface 
at the extreme compression fiber in the mid-spans and over the middle support to 
record the compressive concrete strains. A data logger manufactured by TML Tokoyo 
Sokki Kenkyujo Co.® was used to capture the readings. 
 
Figure 3.19: A test in progress 
 
 89 
 
 
 
  
 
L
o
a
d
 c
e
ll
L
o
a
d
 c
e
ll
L
V
D
T
S
p
re
a
d
e
r 
b
e
a
m
S
te
e
l 
p
e
d
e
s
ta
l
S
te
e
l 
p
e
d
e
s
ta
l
S
te
e
l 
p
e
d
e
s
ta
l
L
V
D
T
H
y
d
ra
u
lic
 j
a
c
k
1
8
0
0
9
0
0
1
8
0
0
9
0
0
C
o
n
c
re
te
 c
lip
 g
a
u
g
e
C
o
n
c
re
te
 c
lip
 g
a
u
g
e
C
o
n
c
re
te
 c
lip
 g
a
u
g
e
1
2
5
M
a
g
n
e
ti
c
 s
te
e
l 
b
lo
c
k
S
te
e
l 
p
la
te
S
te
e
l 
p
la
te
3
8
0
0
S
te
e
l 
p
la
te
L
V
D
T
 h
o
ld
e
r
M
a
g
n
e
ti
c
 s
te
e
l 
b
lo
c
k
L
V
D
T
 h
o
ld
e
r
R
ig
id
 b
lo
c
k
R
ig
id
 b
lo
c
k
S
te
e
l 
p
la
te
A
ll 
d
im
e
n
s
io
n
s
 i
n
 m
m
F
ig
u
re
 3
.2
0
: 
T
es
t 
se
tu
p
 a
n
d
 i
n
st
ru
m
en
ta
ti
o
n
 
 90 
 
 
Chapter 4: Experimental Results 
4.1 Introduction 
This chapter presents the experimental results of 16 flexure-deficient 
continuous reinforced concrete (RC) slab strips strengthened in flexure with 
composites in the hogging or sagging region. All specimens were tested to failure at 
room temperature. For all tests, different measurements were captured at all stages of 
testing. The results include load capacity, failure mode, deflection response, support 
reactions, load-moment relationship, moment-deflection response, and moment 
redistribution. Different strain responses including those of the tensile steel, concrete 
and composite reinforcement were also recorded and presented in this chapter. A 
discussion of all test results is included in terms of load enhancement, moment 
enhancement, ductility index and moment redistribution values. The overall efficacy 
of the composite systems adopted in the current study is discussed at the end of the 
chapter.   
4.2 Test Results of Group [A] 
Group [A] consisted of eight two-span continuous reinforced concrete 
specimens that were flexure-deficient in the sagging regions. All specimens had same 
geometry, flexural steel configuration, and were cast on the same day. Different 
strengthening systems of near surface mounted (NSM) and externally bonded (EB) 
composites were applied to the sagging regions.  
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4.2.1 Specimens Strengthened with NSM Composites 
 Specimens S-NSM-C1 and S-NSM-C2 were strengthened with one and two 
NSM-CFRP strips, respectively in each sagging region. Specimen S-NSM-G3 was 
strengthened with three GFRP bars in each sagging region. The NSM composite 
reinforcement had a length of 1530 mm and was placed symmetrically about the mid-
span of each sagging region. 
4.2.1.1 Load Capacity 
Table 4.1 presents magnitudes of the cracking, yielding, and ultimate loads for 
specimens of group [A] strengthened with the NSM composite system. The loads of 
the control specimen S-NS is included in the same table for the purpose of comparison. 
The load capacity enhancement ratio, χ, was calculated for all strengthened specimens 
relative to the load capacity of the control specimen S-NS. Typically, invisible hair 
cracks develop first during testing before they become visible on the concrete surface. 
Formation of these hair cracks change the slope of the tensile steel strain response. The 
cracking and yielding loads in the sagging and hogging regions were identified from 
the corresponding tensile steel strain response given in section 4.2.1.5. The cracking 
load is the load at which first change in slope of the tensile steel strain response took 
place, whereas the yielding load is the load that corresponded to the second change in 
slope of the tensile steel strain response.  
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Table 4.1: Load capacity for specimens of group [A] strengthened with NSM 
composites 
Specimen 
designation 
Pcr (kN) Py (kN) Pu 
(kN) 
a 
Sagging Hogging Sagging Hogging 
S-NS 22.1 26.2 72.7 87.9 92.6 1.00 
S-NSM-C1 24.2 36.1 94.9 98.9 119.3 1.29 
S-NSM-C2 31.7 36.2 105.8 108.4 134.1 1.45 
S-NSM-G3 24.1 28.7 127.5 123.0 154.9 1.67 
a Load capacity enhancement ratio with respect to that of the control unstrengthened specimen S-NS 
For the unstrengthened control specimen S-NS, flexural cracks initiated first in 
the sagging region at a load value of 22.1 kN then in the hogging region at a load value 
of 26.2 kN. The tensile steel in the sagging region experienced yielding prior to that in 
the hogging region with yielding loads of 72.7 kN and 87.9 kN, respectively. The 
ultimate load for the control specimen S-NS was 92.6 kN. 
Specimens S-NSM-C1, S-NSM-C2, and S-NSM-G3 experienced flexural 
cracks in both sagging and hogging regions at load values higher than those of the 
control specimen S-NS. Flexural strengthening in the sagging regions with NSM 
composites increased the yielding load in both sagging and hogging regions. The 
sagging yielding loads for specimens S-NSM-C1, S-NSM-C2 and S-NSM-G3 were 
31%, 46%, and 75% higher than that of the control specimen S-NS, respectively. The 
hogging yielding loads of the same specimens were 13%, 23%, and 40% higher than 
that of specimen S-NS, respectively. This indicated that the flexural strengthening in 
the sagging regions had a more pronounced effect on increasing the sagging yielding 
load than the hogging yielding load.  
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Specimen S-NSM-C1 strengthened with one NSM-CFRP strip in each sagging 
region achieved an ultimate load of 119.3 kN which corresponded to a load 
enhancement ratio of 1.29. Increasing the amount of the NSM-CFRP strips in the 
sagging regions from one to two strips increased the ultimate load enhancement ratio 
from 1.29 to 1.45 (i.e. increased the strength gain from 29% to 45%). This indicated 
that doubling the amount of the NSM-CFRP strips increased the strength gain by 
approximately 55%. Specimen S-NSM-G3 with three NSM-GFRP bars in each 
sagging region achieved a load capacity of 154.9 kN which corresponded to a load 
enhancement ratio of 1.67. The three GFRP bars had an axial rigidity of EA = 13,900 
kN whereas the two CFRP strips had an axial rigidity of EA = 12,375 kN, where E = 
Young’s modulus of elasticity of the FRP reinforcement and A = total cross sectional 
area of the FRP reinforcement. The load capacity of specimen S-NSM-G3 was 
approximately 16% higher than that of specimen S-NSM-C2. Similarly, the axial 
rigidity of specimen S-NSM-G3 was approximately 12% higher than that of specimen 
S-NSM-C2. This indicated that the increase in the load capacity of specimen S-NSM-
G3 with three NSM-GFRP bars over that of specimen S-NSM-C2 with two NSM-
CFRP strips can be attributed to the increased axial rigidity of the three GFRP bars 
relative to that of the two CFRP strips.  
4.2.1.2 Failure Mode 
The flexural failure mode was the dominant mode for the control specimen and 
specimens of group [A] strengthened with NSM composites. Specimen S-NS 
experienced flexural cracks in the sagging region first then in the hogging region. For 
specimen S-NS, yielding of the tensile steel in the sagging regions occurred first due 
to the reduced amount of the tensile steel in those regions followed by yielding of the 
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tensile steel in the hogging region. Following yielding of the tensile steel, concrete 
crushing occurred in the sagging regions under the load points which led to failure of 
the specimen. Close examination revealed the occurrence of local concrete crushing in 
the hogging region over the middle support. Photos of the control specimen S-NS at 
failure are shown in Figure 4.1.   
For specimen S-NSM-C1, flexural cracks were initiated first in the sagging 
region then in the hogging region. After formation of flexural cracks and continuous 
loading, yielding of the tensile steel in the sagging region occurred then followed 
shortly by yielding of the tensile steel in the hogging region. As the loading progressed, 
local crushing of concrete was initiated in the sagging regions under the load points 
then in the hogging region over the middle support. Eventually, the specimen failed by 
crushing of concrete under the load points in the sagging regions. Photos of specimen 
S-NSM-C1 at failure are shown in Figure 4.2.  
  
East sagging region Hogging region 
Figure 4.1: Photos of specimen S-NS at failure 
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West sagging region Hogging region 
Figure 4.2: Photos of specimen S-NSM-C1 at failure 
Specimens S-NSM-C2 and S-NSM-G3 strengthened with two NSM-CFRP 
strips and three NSM-GFRP bars, respectively, exhibited similar failure modes where 
flexural cracks were initiated in the sagging regions first then in the hogging region. 
As the loading progressed, yielding of the tensile steel occurred almost simultaneously 
in both sagging and hogging regions. At higher loads, signs of concrete crushing 
became visible in the hogging region over the middle support. At the onset of failure, 
crushing of concrete in the hogging region was evident and minor local crushing of 
concrete was observed in the sagging regions. Photos of specimens S-NSM-C2 and S-
NSM-G3 at failure are shown in Figures 4.3 and 4.4, respectively.  
  
East sagging region Hogging region 
Figure 4.3: Photos of specimen S-NSM-C2 at failure 
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East sagging region Hogging region 
Figure 4.4: Photos of specimen S-NSM-G3 at failure 
4.2.1.3 Deflection Response 
The load-deflection response of the control specimen S-NS is shown in 
Figure 4.5. The specimen exhibited very small mid-span deflections in the east and 
west sagging regions with a linear behavior until the initiation of flexural cracks at a 
deflection value of approximately 0.6 mm. Following cracking, the two spans of 
specimen S-NS exhibited a similar quasi-linear deflection response up to deflection 
values of 6.7 mm and 8.10 mm where yielding of the tensile steel in the east and west 
sagging regions occurred, respectively. Further increase in the loading increased the 
rate of increase of the mid-span deflection in a quasi-linear behavior until yielding of 
the tensile steel in the hogging region occurred at east and west mid-span deflections 
of 12.7 mm and 16 mm, respectively. Then, the two spans experienced a plastic 
deflection response where the deflection increased significantly with no or minor 
change in load. The ultimate load of 92.6 kN was achieved at east and west mid-span 
deflections of 24 mm and 38.4 mm, respectively. Failure of specimen S-NS occurred 
at east and west mid-span deflections of 37 mm and 44 mm, respectively. 
The deflection response of specimen S-NSM-C1 that was strengthened with 
one NSM-CFRP strip in each sagging region is shown in Figure 4.6. The east and west 
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spans experienced an almost identical deflection response. The linear response was 
maintained up to east and west mid-span deflections of 3.9 mm and 2.3 mm, 
respectively, at which values flexural cracks were initiated. Following cracking, the 
deflection continued to increase at an almost constant rate, higher than that recorded 
in the pre-cracking stage, up to east and west mid-span deflections of 12.4 mm and 
10.5 mm, respectively, where the tensile steel in the sagging regions yielded. Then the 
deflection continued to increase until the tensile steel in the hogging region yielded at 
east and west mid-span deflections of 14 mm and 11.2 mm, respectively. Then, the 
deflection further increased at a higher rate until the specimen reached its ultimate load 
of 119.3 kN at east and west mid-span deflections of 24.1 mm and 38.4 mm, 
respectively. Continuous increase in deflection was then recorded with insignificant 
change in load until the specimen failed at east and west mid-span deflections of 66.1 
mm and 73.8 mm, respectively. 
 
                 Figure 4.5: Load-deflection response of specimen S-NS 
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                Figure 4.6: Load-deflection response of specimen S-NSM-C1 
Figure 4.7 shows the load-deflection response of specimen S-NSM-C2 
strengthened with two NSM-CFRP strips in each sagging region. The deviation from 
linearity caused by flexural cracking started at an average mid-span deflection of 1.8 
mm. The deflection responses of the two spans were similar. After cracking, the 
deflection increased at an almost constant rate until yielding of the tensile steel took 
place in the sagging region at sagging and hogging deflection values of 8.6 mm and 
11.9 mm, respectively. This had insignificant effect on the slope the load-deflection 
response.  The second change in the slope of the load-deflection response occurred at 
east and west mid-span deflections of 9.7 mm and 13.3 mm, respectively, where 
yielding of the tensile steel in the hogging region occurred. Then, the deflection 
continued to increase but at a higher rate until the ultimate load of 134.1 kN was 
achieved at east and west mid-span deflections of 16.8 mm and 24.1 mm, respectively. 
In this test, the failure load coincided with the ultimate load.  
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Figure 4.8 shows the load-deflection response of specimen S-NSM-G3. The 
two spans demonstrated a similar deflection response. The specimen experienced a 
linear response until initiation of flexural cracks at an average mid-span deflection of 
approximately 1.9 mm. Then, the deflection increased at an almost constant rate up to 
east and west mid-span deflections of 11.3 mm and 15.3 mm, respectively, where the 
second change in the slope of the load-deflection response took place because of 
yielding of the tensile steel at both sagging and hogging regions which took place 
almost simultaneously. In the last stage, the deflection continued to increase but at a 
higher rate until the specimen reached its ultimate load of 154.9 kN at east and west 
mid-span deflections of 22.2 mm and 27.7 mm, respectively. In this test, the failure 
load coincided with the ultimate load. 
 
                Figure 4.7: Load-deflection response of specimen S-NSM-C2 
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                Figure 4.8: Load-deflection response of specimen S-NSM-G3 
Figure 4.9 shows the load-deflection response of the control specimen together 
with those of specimens of group [A] strengthened with the NSM technique. In this 
figure, the average of the east and west mid-span deflections was adopted for the 
purpose of comparison. From this figure, it can be seen that flexural strengthening with 
one NSM-CFRP strip improved the slab stiffness by approximately 38% but 
significantly increased the slab’s deflection capacity. The deflection capacity is the 
maximum deflection experienced by the slab prior to failure. Increasing the amount of 
the NSM-CFRP strips further enhanced the slab stiffness but significantly reduced the 
slab deflection capacity. The stiffness and deflection capacity of specimen S-NSM-G3 
were similar to those of specimen S-NSM-C2. For instance, at a load value of 75 kN, 
the deflection of the control specimen S-NS was 10.5 mm whereas it was 8.7 mm for 
specimen S-NSM-C1 and 6.5 mm for both specimens S-NSM-C2 and S-NSM-G3. The 
first change in slope of the load-deflection response occurred at a deflection of 
approximately 1.2 mm for all of the specimens. The last yielding took place at 
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deflection values of 13.8 mm, 15.4 mm, 10.9 mm, and 13.5 mm for specimens S-NS, 
S-NSM-C1, S-NSM-C2, and S-NSM-G3, respectively. The ultimate loads of 
specimens S-NS, S-NSM-C1, S-NSM-C2, and S-NSM-G3 were attained at deflection 
values of 31.3, 46.1, 20.5, and 24.9 mm, respectively. The failure load was achieved 
at a deflection value of 40.4 mm for specimen S-NS and 70.3 mm for specimen S-
NSM-C1. For specimens S-NSM-C2 and S-NSM-G3, the failure load coincided with 
the ultimate load.  
 
Figure 4.9: Load-deflection response of specimens of group [A] strengthened with 
NSM composites 
4.2.1.4 Ductility Index 
The idealized load-deflection response is shown in Figure 4.10. The slab 
ductility is its ability to sustain large deformations/deflections before failure with 
insignificant drop in load. The ductility of RC structural elements can be estimated 
using different approaches such as deflection ductility, curvature ductility, and energy 
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ductility (Mukhopadhyaya et al. 1998). In the present study, the deflection-based 
ductility ratio has been employed. The first yielding of the tensile steel, either in the 
sagging or hogging region, did not result in a notable change in the slope of the load-
deflection response. Conversely, the last yielding in the tensile steel reinforcement, 
either in the sagging or the hogging region, significantly changed the slope of the load-
deflection response. Considerable deflections took place after the last yielding and 
some specimens exhibited a softening branch after reaching the peak load. Therefore, 
the ductility index in this study is defined by Eq. 4.1. For the specimens with a 
softening branch, ∆f is the mid-span deflection corresponding to 95% of the peak load 
measured at the softening branch on the load-deflection response. For the specimens 
without a softening branch, ∆f is the mid-span deflection at peak load (i.e. ∆f = ∆p). 
 µ = 
∆f
∆y
 
Eq. 4.1 
 
Figure 4.10: Idealized load-deflection response 
The ductility index, µ, for the control specimen S-NS and for the specimens 
strengthened with NSM composites is given in Table 4.2. The deflection values given 
Load
Deflection
Failure Load
0.95 Pu
Last yielding 
load
Cracking 
load
Ultimate load (Pu)
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in Table 4.2 used to calculate the ductility index were taken from Figure 4.9. The 
values of ∆p and ∆f of specimens S-NSM-C2 and S-NSM-G3 were equal because their 
deflection response did not have a softening branch. From this table, it can be seen that 
specimens S-NSM-C1 with one NSM-CFRP strip exhibited slightly higher ductility 
index than that of the control specimen S-NS whereas the ductility index of specimen 
S-NSM-C2 was approximately 27% lower than that of the control specimen S-NS. The 
ductility index of specimen S-NSM-G3 was approximately 30% lower than that of 
specimen S-NS. Increasing the amount of NSM-CFRP strips strengthening from one 
to two significantly decreased the ductility index by approximately 65%. 
Table 4.2: Deflection and ductility index for specimens of group [A] strengthened 
with NSM composites 
Specimen 
designation 
∆y 
(mm) 
∆p
mm) 
∆f
(mm) 
µ DIRa 
S-NS 14.7 19.5 38.8 2.64 1.00 
S-NSM-C1 12.6 25.6 69.2 5.49 2.08 
S-NSM-C2 10.7 20.5 20.5 1.92 0.73 
S-NSM-G3 13.7 24.9 24.9 1.82 0.70 
a DIR = ductility index ratio with respect to that of the control specimen S-NS 
4.2.1.5 Tensile Steel Strain Response 
Strain gauges were bonded to the tensile steel reinforcement at locations of 
maximum moments in both sagging and hogging regions of each specimen (see 
Figures 3.1 and 3.2). The tensile steel strain response for specimens of group [A] 
strengthened with NSM-CFRP composites along with that of the control specimen S-
NS are shown in Figure 4.11. A number of strain gauges failed after significant 
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inelastic deformation possibly due to loss of bond at high strain values or breakage of 
bridge wires.  
All specimens exhibited an almost tri-linear tensile steel strain response. In the 
first stage, the steel exhibited no or minimal strains until initiation of flexural cracks. 
After initiation of flexural cracks, the steel strains increased at an almost constant rate 
until yielding of the tensile steel took place. In the third stage, the steel strain showed 
a plastic response. The control specimen S-NS showed a sudden increase in the tensile 
steel strain at the onset of crack initiation in the sagging region. When the control 
specimen S-NS reached its cracking load, the steel strain in the sagging region jumped 
from zero to 800 µɛ immediately with no increase in the applied load. This sudden 
increase in steel strain can be attributed to the reduced amount of the tensile steel 
provided in the sagging regions of specimen S-NS. Following cracking, specimen S-
NS featured steel strains in the sagging region higher than those of the steel in the 
hogging region. As a result, yielding of the tensile steel occurred first in the sagging 
regions then in the hogging region.  
The strengthened specimens experienced a change in the slope of the tensile 
steel strain response at the onset of cracking without a sudden increase in strain. 
Flexural strengthening with NSM-CFRP composites in the sagging region reduced the 
rate of increase of the tensile steel strain in the post-cracking stage in both sagging and 
hogging regions relative to that of the control specimen S-NS. This allowed the 
strengthened specimens to exhibit yielding and ultimate loads higher than those of the 
control specimen S-NS. The increase in the yielding load due to strengthening was 
more pronounced in the sagging region than in the hogging region. This occurred 
because specimens of this group were strengthened only in the sagging regions. For 
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specimen S-NSM-C1 with the lowest amount of NSM-CFRP composite 
reinforcement, the tensile steel in the sagging region yielded slightly earlier than the 
tensile steel in the hogging region, whereas for specimens S-NSM-C2 and S-NSM-G3, 
with the higher amount of NSM composite reinforcement, yielding of the tensile steel 
in the sagging and hogging regions occurred almost concurrently. 
From Figure 4.11, it can be seen that flexural strengthening in the sagging 
region increased the sagging yielding load to a level close or equal to the hogging 
yielding load. This demonstrates the efficiency of the NSM strengthening system in 
delaying yielding of the tensile steel in the sagging region, and hence increasing the 
load carrying capacity. 
 
Figure 4.11: Tensile steel strain response for specimens of group [A] strengthened 
with NSM composites 
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4.2.1.6 FRP Strain Response 
Figure 4.12 shows the load versus the strains measured in the FRP composite 
reinforcement in the east and west sagging regions for specimens of group [A] 
strengthened with NSM composites. The FRP strain in the east sagging region of 
specimen S-NSM-G3 was not recorded due to a malfunction of the strain gauge. 
Similar to the tensile steel strain response, the FRP strain response featured three 
phases. During the pre-cracking phase, the FRP composite reinforcement had very 
little strain values as concrete was enduring the majority of the load. Once the section 
cracked, the strain in the FRP reinforcement started to increase and a change in the 
slope of the FRP strain response occurred. Following cracking, the FRP strain 
increased at an almost constant rate until yielding of the tensile steel took place. The 
rate of increase of the FRP strain for specimen S-NSM-C1 was higher than that of 
specimens S-NSM-C2 and S-NSM-G3. As a result, specimens S-NSM-C2 and S-
NSM-G3 exhibited higher yielding loads than that of specimen S-NSM-C1. The FRP 
strains recorded at the onset of yielding of the tensile steel were approximately 6700 
µɛ, 5300 µɛ, and 6000 µɛ for specimens S-NSM-C1, S-NSM-C2, and S-NSM-G3, 
respectively.  
Specimens S-NSM-C1 and S-NSM-C2 reached their peak loads at FRP strain 
values of approximately 13,400 µɛ and 8,600 µɛ, respectively. The strain gauge 
attached to the NSM-GFRP bar failed prior to reaching the peak load. However, the 
highest strain registered by the strain gauge prior to failure was 12,400 µɛ at 98% of 
the peak load. Values of the FRP strain at peak load for specimens S-NSM-C1, S-
NSM-C2, and S-NSM-G3 corresponded to 71%, 45%, and 73% of their FRP rupture 
strain, respectively. This confirmed that none of the strengthened specimens failed by 
rupture of the FRP composite reinforcement. This also indicated that the use of NSM-
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GFRP bars was more efficient than the use of NSM-CFRP strips having similar axial 
rigidity because of the better utilization of material properties. 
 
Figure 4.12: FRP strain response for specimens of group [A] strengthened with NSM 
composites 
4.2.1.7 Concrete Strain Response 
The concrete strain was measured by means of clip gauges attached to the 
extreme compression fiber of concrete in the mid-spans and over the central support. 
In some specimens, failure of the clip gauge took place before complete failure of the 
specimen due to local crushing and/or cracking of concrete under the demec points of 
the clip gauge. Figure 4.13 depicts the concrete strain response of specimens of group 
[A] strengthened with NSM composites along with that of the control specimen S-NS. 
The concrete strain in the sagging region of specimen S-NS was not captured due to 
failure of the clip gauge at early stages during testing.  
Generally, the concrete strain response featured three stages. In the first stage, 
the specimens exhibited minimal concrete strain until cracking of concrete occurred. 
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In the second stage, after concrete cracking, the concrete strain increased at an almost 
constant rate as the load progressed until yielding of the tensile steel occurred. The 
concrete strain at the onset of yielding of the ensile steel was almost equal for all 
specimens. The specimens exhibited yielding of the tensile steel in the sagging region 
at an average concrete strain of approximately 1000 µɛ and in the hogging region at an 
average concrete strain of approximately 1500 µɛ. Following yielding, the specimens 
exhibited an almost plastic concrete strain response in the hogging region that was 
unstrengthened. Specimen S-NSM-C1 exhibited also a plastic concrete strain response 
in the sagging region after yielding of the tensile steel. For specimens S-NSM-C2 and 
S-NSM-G3, the concrete strain in the sagging region increased at a higher rate after 
yielding of the tensile steel. The control specimen S-NS experienced failure of the clip 
gauge at a concrete strain of 2000 µɛ in the hogging region prior to reaching its peak 
load. For specimen S-NSM-C1, concrete strains of 2500 µɛ and 3600 µɛ were recorded 
in the sagging and hogging regions, respectively, when the specimen reached its peak 
load. The concrete strains of specimen S-NSM-C2 at peak load were 1600 µɛ in the 
sagging region and 3000 µɛ in the hogging region. Specimen S-NSM-G3 exhibited 
concrete strains of 2370 µɛ and 2740 µɛ at peak load in the sagging and hogging 
regions, respectively.  
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Figure 4.13: Concrete strain response for specimens of group [A] strengthened with 
NSM composites 
4.2.1.8 Support Reactions 
Figure 4.14 shows the middle and end support reactions plotted against the total 
applied load for specimens of group [A] strengthened with NSM composite 
reinforcement and those of the control specimen S-NS. The middle support reaction 
was obtained from the load cell placed between the middle support and bottom soffit 
of the specimen whereas the end support reaction was calculated based on satisfying 
equilibrium of forces using the measured total applied load and the measured middle 
support reaction. An elastic analysis was conducted to calculate the elastic moments 
of a typical test specimen assuming uniform flexural stiffness along the slab spans as 
shown in Figure 4.15. The reactions obtained from the elastic analysis assuming 
uniform flexural stiffness along the two spans of the test specimens are also plotted in 
Figure 4.14.  
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In the pre-cracking stage, the middle and end support reactions for all 
specimens were very close to the elastic reactions. After initiation of flexural cracks, 
the middle support reactions tended to be higher than the elastic reactions whereas the 
end support reactions tended to be lower. This was more evident in the control 
unstrengthened specimen S-NS. The deviation of the middle and end support reactions 
of the control specimen S-NS from the elastic reactions further increased after yielding 
of the tensile steel in the sagging region. The increase in the middle support reactions 
and the corresponding reduction in the end support reactions of specimen S-NS after 
cracking was due to the weakness of the sagging regions caused by their reduced 
amount of flexural steel. The reduced amount of steel reinforcement in the sagging 
regions increased the rate of propagation and growth of flexural cracks in those regions 
relative to those of the cracking in the hogging region. This in turn reduced the flexural 
stiffness in the sagging regions, decreased the end support reactions, and hence 
increased the loads transferred to the middle support. If the flexural stiffness was 
uniform and the steel amounts were balanced, the middle and end support reactions 
would have coincided with the elastic reactions.  
In the post-cracking stage, the middle support reactions of the strengthened 
specimens were lower those that of the control specimen S-NS, whereas the end 
support reactions were higher. The middle support reactions decreased with an 
increase in the amount of NSM composite reinforcement in the sagging regions. 
Conversely, the end support reactions increased with an increase in the amount of 
NSM composite reinforcement in the sagging regions. Increasing the amount of NSM 
composite reinforcement in the sagging regions to substitute the missing internal steel 
reinforcement controlled the propagation and growth of flexural cracks in the sagging 
regions, and thus, reduced the difference in flexural stiffness between the sagging and 
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hogging regions. As a result, the middle and end support reactions of the strengthened 
specimens were closer to the elastic reactions than those of the control specimen S-
NS.  
It is interesting to observe that the middle support reactions of the strengthened 
specimens started to decrease after yielding of the tensile steel in the hogging region 
whereas the end support reactions started to increase. This occurred because yielding 
of the tensile steel in the hogging region reduced the slab flexural stiffness at the 
middle support section, which resulted in redistribution of the load between the middle 
and end supports. The load redistribution led to a reduction in the middle support 
reactions and an increase in the end support reactions. A slight increase in the end 
support reactions of the control specimen S-NS was also observed after yielding of the 
tensile steel in the hogging region.  
 
Figure 4.14: Total applied load versus support reactions for specimens of group [A] 
strengthened with NSM composites 
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Figure 4.15: Elastic moments and support reactions 
4.2.1.9 Moment-Deflection Response 
The moment-deflection response for specimens of group [A] strengthened with 
the NSM composite system is depicted in Figure 4.16. The average of the east and 
west mid-span deflections has been employed in the figure. The moments in the 
sagging and hogging regions have been calculated based on the measured total applied 
loads and measured middle support reactions using Eq. 4.2 and Eq. 4.3, respectively. 
Table 4.3 gives values of the yielding and ultimate moments from experiments for 
specimens of group [A] strengthened with NSM composites along with those of the 
control specimen. The yielding and ultimate moment enhancement ratios were 
calculated only for the sagging region where the application of composites improved 
the moment of resistance of the mid-span section. 
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Where: 
Ms = sagging moment  
Mh = hogging moment  
P = total applied load 
L = span length 
Rmid = middle support reaction 
In general, the specimens exhibited an almost similar hogging moment-
deflection response because they had equal amount of steel reinforcement in the 
hogging region without strengthening. As demonstrated in Eq. 4.3, the ultimate 
hogging moment is function of the peak load and the corresponding support reactions. 
The increase in the peak load of the strengthened specimens over that of the control 
specimen S-NS was balanced by an increase in the corresponding support reactions, 
and hence, the ultimate hogging moment remained almost unchanged. On the contrary, 
the specimens featured different sagging moment-deflection responses because they 
had different amounts of composite reinforcement in the sagging regions. The 
application of the NSM composite reinforcement in the sagging region increased the 
slope of the sagging moment-deflection response and also increased the sagging 
yielding and ultimate moments. For instance, at an average mid-span deflection of 10 
mm, the sagging moment of specimen S-NS was 6.5 kN.m whereas for specimens S-
NSM-C1, S-NSM-C2, and S-NSM-G3, it was 8.2, 12.4, and 12.5 kN.m, respectively.  
From Table 4.3, it can be seen that the hogging yielding moment of all 
specimens was almost equal. Similarly, the moment capacity of the hogging region in 
all specimens was insignificantly different (26.4 kN.m on average). This occurred 
because the hogging region in all specimens had the same geometry and equal amount 
of steel reinforcement (2No.10 + 3No.12) without strengthening. On the contrary, the 
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yielding moment of the sagging region varied between 7.2 kN.m and 15.4 kN.m, and 
the ultimate moment (moment capacity) varied between 7.9 kN.m and 20.9 kN.m. This 
occurred because the sagging region included different amounts of NSM composite 
reinforcement which changed the yielding and ultimate moments of the tested 
specimens. 
The yielding and ultimate moment enhancement ratios for specimen S-NSM-
C1 with one NSM-CFRP strip were 1.28 and 1.71, respectively, relative to those of 
the control specimen S-NS. Specimens S-NSM-C2 and S-NSM-G3 exhibited yielding 
moment enhancement ratios of 1.74 and 2.14, respectively and more than a two-fold 
increase in the sagging ultimate moment with enhancement ratios of 2.23 and 2.65, 
respectively. Doubling the amount of the NSM-CFRP strips increased the gain in 
sagging moment capacity from 71% to 123% (i.e. the gain in moment capacity 
increased by approximately 73% as a result of doubling the amount of NSM-CFRP 
reinforcement).  
 
Figure 4.16: Moment-deflection response for specimens of group [A] strengthened 
with NSM composites 
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Table 4.3: Moments from experiments for specimens of group [A] strengthened with 
NSM composites 
Specimen 
designation 
My (kN.m) Mu (kN.m) 
Sagging moment 
enhancement ratio 
Sagging Hogging Sagging Hogging 𝒔,y
a 
s,u
b 
S-NS 7.2 24.9 7.9 25.9 1.00 1.00 
S-NSM-C1 9.3 25.1 13.5 26.6 1.28 1.71 
S-NSM-C2 12.6 22.9 17.6 25.2 1.74 2.23 
S-NSM-G3 15.4 25.3 20.9 27.9 2.14 2.65 
a Sagging yielding moment enhancement ratio relative to that of the control specimen S-NS 
b Sagging ultimate moment enhancement ratio relative to that of the control specimen S-NS 
4.2.1.10 Load-Moment Relationship 
The bending moments in the sagging and hogging regions from experiments 
were calculated based on satisfying the equilibrium conditions using the measured 
total applied loads and measured middle support reactions as per Eq. 4.2 and Eq. 4.3, 
respectively. The relationships between the total applied load versus the sagging and 
hogging bending moments for specimens of group [A] strengthened with NSM 
composite reinforcement and that of the control specimen S-NS are shown in 
Figure 4.17. The sagging and hogging bending moments obtained from the elastic 
analysis are also included in the figure.  
The response of all specimens, except specimen S-NSM-G3, was nearly elastic 
in the pre-cracking stage where the moment from experiments coincided with the 
corresponding elastic moments. In the post-cracking stage, the experimental bending 
moments deviated from the elastic moments due to non-uniform propagation, 
distribution, and growth of cracks between the sagging and hogging regions which 
resulted in non-uniform flexural stiffness along the slab spans. The sagging and 
hogging moments of the control specimen S-NS deviated further from the 
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corresponding elastic moments after yielding of the tensile steel at the mid-span 
sections.  
The sagging moments in all specimens were lower than the corresponding 
elastic moments whereas the hogging moments were higher than those calculated from 
the elastic analysis. Flexural strengthening in the sagging regions increased the sagging 
moments and reduced the hogging moments relative to those of the control specimen 
S-NS. Increasing the amount of the NSM composite reinforcement in the sagging 
regions further increased the sagging moments and further reduced the hogging 
moments compared with those of the control specimen S-NS. The sagging and hogging 
moments of specimens S-NSM-C2 and S-NSM-G3 with the higher amounts of NSM 
composite reinforcement were closer to the elastic moments than those of specimen S-
NSM-C1 with lower amount of NSM composite reinforcement in the sagging regions. 
This is consistent with the results of the middle and end support reactions depicted in 
Figure 4.14. 
An increase in the sagging moments and a decrease in the hogging moments 
were observed in the strengthened specimens after yielding of the tensile steel in the 
hogging region which changed the trend of their response to get closer to the elastic 
behavior. This is also consistent with the results of the middle and end supports 
reactions plotted in Figure 4.14 where yielding of the tensile steel in the hogging region 
resulted in an increase in the end support reaction and a reduction in the middle support 
reactions.  
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Figure 4.17: Load-moment relationships for specimens of group [A] strengthened 
with NSM composites 
4.2.1.11 Moment Redistribution 
The moment redistribution ratio, β, is given by: 
 
β % = 
Mexp - Me
Me
 (100) 
Eq. 4.4 
Where, Mexp = bending moment from experiment and Me = bending moment 
from the elastic analysis. Tables 4.4 and 4.5 give the moment redistribution ratios 
calculated at the last yielding load and at the peak load, respectively. Positive values 
of the moment redistribution ratio indicate gain of moment whereas negative values 
indicate loss of moment relative to the corresponding elastic moment.  
From Tables 4.4 and 4.5, it can be seen that the hogging region had positive 
moment redistribution ratios indicating that it gained moments. The sagging region 
had negative moment redistribution values indicating that it lost moment. This 
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occurred because of the reduced amount of internal steel in the sagging region. The 
moment redistribution ratios of the control specimen S-NS were substantially higher 
than those of the strengthened specimens due to the reduced amount of internal steel 
in the sagging regions and absence of strengthening with NSM composite 
reinforcement.  
The moment redistribution ratios of the control specimen S-NS at the last 
yielding load were almost equal to those calculated at the peak load. This occurred 
because the control specimen failed at a peak load value insignificantly higher than the 
last yielding load value. Conversely, the moment redistribution ratios of the 
strengthened specimens at the peak load were lower than those calculated at the last 
yielding load. This happened because the response of the strengthened specimens 
tended to get closer to the elastic behavior after yielding of the tensile steel in the 
hogging region (i.e. last yielding of the tensile steel) as shown in Figure 4.17. For the 
strengthened specimens, the moment redistribution ratios at both the last yielding load 
and also at the ultimate load decreased as the amount of the NSM composite 
reinforcement increased. This can be attributed to that the responses of the 
strengthened specimens tended to get closer to the elastic response as the amount of 
the NSM composite reinforcement increased.  
Specimen S-NSM-C1 with one NSM-CFRP strip in each sagging region 
exhibited moment redistribution ratios in the sagging and hogging regions of -30.2% 
and 50.3% at the last yielding load and -19.6% and 32.3% at the peak load, 
respectively. For specimen S-NSM-C2 with two NSM-CFRP strips, the sagging and 
hogging regions exhibited moment redistribution ratios of -15.1% and 25.1% at the 
last yielding load compared with -6.9% and 11.5% at the peak load, respectively. 
Specimen S-NSM-G3 showed the lowest moment redistribution ratios in the sagging 
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and hogging regions of -12.8% and 21.9% at the last yielding load and -4.1% and 7.3% 
at the peak load, respectively.  
Table 4.4: Moment redistribution ratios at the last yielding load for specimens of 
group [A] strengthened with NSM composites 
Specimen 
designation 
Moment from 
experiment 
Elastic moment βy % 
Msy,exp 
(kN.m) 
Mhy,exp 
(kN.m) 
Msy,e 
(kN.m) 
Mhy,e 
(kN.m) 
Sagging Hogging 
S-NS 7.4 24.9 12.4 14.8 - 40.3 68.2 
S-NSM-C1 9.7 25.1 13.9 16.7 - 30.2 50.3 
S-NSM-C2 12.9 22.9 15.2 18.3 - 15.1 25.1 
S-NSM-G3 15.6 26.2 17.9 21.5 - 12.8 21.9 
 
Table 4.5: Moment redistribution ratios at peak load for specimens of group [A] 
strengthened with NSM composites 
Specimen 
designation 
Moment from 
experiment 
Elastic moment βp % 
Msp,exp 
(kN.m) 
Mhp,exp 
(kN.m) 
Msp,e 
(kN.m) 
Mhp,e 
(kN.m) 
Sagging Hogging 
S-NS 7.9 25.9 13.0 15.6 - 39.2 64.8 
S-NSM-C1 13.5 26.6 16.8 20.1 - 19.6 32.3 
S-NSM-C2 17.6 25.2 18.9 22.6 - 6.9 11.5 
S-NSM-G3 20.9 28.0 21.8 26.1 - 4.1 7.3 
 
4.2.2 Specimens Strengthened with EB Composites 
 Specimens S-EB-C2 and S-EB-C4 were strengthened with two and four EB-
CFRP sheets in the west and east sagging regions, respectively. Specimens S-EB-C2A 
and S-EB-C4A were identical to specimens S-EB-C2 and S-EB-C4 but they included 
mechanical anchorages installed along the length of the CFRP sheet at a spacing of 
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225 mm. The EB composite sheets had a length of 1530 mm and were placed 
symmetrically around the mid-span of each sagging region. 
4.2.2.1 Load Capacity 
The values of cracking, yielding, and ultimate loads for specimens of group 
[A] strengthened with EB composites along with those of the control specimen S-NS 
are presented in Table 4.6. The cracking and yielding loads were obtained from the 
tensile steel responses presented in section 4.2.2.5. The cracking load is the load at 
which first change in slope of the tensile steel response took place while the yielding 
load is the load that corresponded to the second change in slope of the tensile steel 
strain response. The load enhancement ratio, , was calculated for all specimens with 
respect to the load capacity of the control specimen S-NS.  
Table 4.6: Load capacity for specimens of group [A] strengthened with EB 
composites 
Specimen 
designation 
Pcr (kN) Py (kN) Pu 
(kN) 
a 
Sagging Hogging Sagging Hogging 
S-NS 22.1 26.2 72.7 87.9 92.6 1.00 
S-EB-C2 23.2 39.1 102.3 111.3 134.1 1.45 
S-EB-C4 24.5 41.6 126.4 121.3 156.4 1.69 
S-EB-C2A 22.6 38.8 102.4 105.3 133.4 1.44 
S-EB-C4A 21.6 36.7 130.3 126.5 150.4 1.62 
a Load capacity enhancement ratio with respect to that of the control unstrengthened specimen S-NS 
As mentioned previously, the unstrengthened control specimen S-NS 
experienced flexural cracks in the sagging and hogging regions at load values of 22.1 
kN and 26.2 kN, respectively. Yielding of the tensile steel occurred at load values of 
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72.7 kN and 87.9 kN in the sagging and hogging regions, respectively. The ultimate 
load for the control specimen S-NS was 92.6 kN.  
The specimens strengthened with EB composites exhibited flexural cracks in 
the sagging region at load values similar to those of the control specimen S-NS. The 
cracking loads of the strengthened specimens in the hogging region were higher than 
that of the control specimen. The application of the EB composite system on the soffit 
of both spans increased the yielding and ultimate loads. Specimens S-EB-C2 and S-
EB-C4 strengthened with two and four EB-CFRP sheets in the sagging regions had 
improvements in the sagging yielding load of 41% and 74% in the hogging yielding 
load of 27% and 38% with respect to those  of the control specimen S-NS, respectively. 
The yielding loads of specimens S-EB-C2A and S-EB-C4A were insignificantly 
different from those of their counterparts S-EB-C2 and S-EB-C4, respectively. This 
indicated that the presence of the mechanical anchorage had an almost no effect on the 
yielding load.  
Specimen S-EB-C2 achieved an ultimate load of 134.1 kN which corresponded 
to an enhancement in the load capacity of 45% relative to that of the control specimen 
S-NS. Doubling the amount of the EB-CFRP composites in specimen S-EB-C4 rose 
the ultimate load to a value of 156.4 kN which corresponded to 69% strength gain with 
respect to that of the control specimen (i.e. doubling the amount of EB composites 
increased the strength gain by approximately 53%). The presence of the mechanical 
anchorage in specimens S-EB-C2A and S-EB-C4A did not result in additional increase 
in the ultimate load compared with that of their counterpart specimens S-EB-C2 and 
S-EB-C4, respectively. This occurred because specimens S-EB-C2 and S-EB-C4 
failed by yielding of the tensile steel in both sagging and hogging regions followed by 
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concrete crushing in the hogging region (i.e. delamination of the CFRP sheets was not 
the main cause of failure although occurred after concrete crushing). 
4.2.2.2 Failure Mode 
Specimen S-EB-C2 failed in a flexural mode of failure. The specimen exhibited 
flexural cracks in the sagging region first then in the hogging region. As the load 
progressed, yielding of the tensile steel occurred in the sagging region then in the 
hogging region. Following yielding of the tensile steel, concrete crushing occurred in 
the hogging region. At the onset of concrete crushing in the hogging region, sudden 
debonding of the EB-CFRP sheets in the west sagging region took place. Photo of 
specimen S-EB-C2 at failure is shown in Figure 4.18.  
 
Figure 4.18: Photo of specimen S-EB-C2 at failure 
Specimen S-EB-C4 failed in a flexural mode of failure. Flexural cracks 
initiated at early stages in the sagging region then in the hogging region. As the loading 
progressed, yielding of the tensile steel occurred almost at the same time in both 
sagging and hogging regions. Further increase in the load led to crushing of concrete 
in the hogging region and failure of the specimen. At the onset of concrete crushing in 
the hogging region, excessive deformations in the east sagging region occurred, which 
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led to formation of a shear crack under the load point in the mid-span of the east 
sagging region. Photo of specimen S-EB-C4 at failure is shown in Figure 4.19.  
 
Figure 4.19: Photo of specimen S-EB-C4 at failure 
The flexural mode of failure was the dominant failure mode for specimen S-
EB-C2A. Flexural cracks started in the sagging region then in the hogging region. As 
the load continued, yielding of the tensile steel took place in the sagging region 
followed shortly by yielding of the tensile steel in the hogging region. Further loading 
led to concrete crushing at the bottom surface of concrete in the hogging region. 
Spalling of the tension concrete cover in the mid-span of the west sagging region was 
observed at the onset of failure. Photos of specimen S-EB-C2A at failure are shown in 
Figure 4.20. 
Specimen S-EB-C4A failed in a flexural mode of failure. Flexural cracks 
initiated in the sagging region then in the hogging region. Continuous loading led to 
yielding of the tensile steel in the hogging region then in the sagging region. As the 
loading progressed, local debonding occurred between two mechanical anchors 
followed by concrete crushing at the top face of the concrete in the sagging region 
together with spalling of the tension concrete cover under the load point in the mid-
span of the west sagging region. Photos of specimen S-EB-C4A at failure are shown 
in Figure 4.21.  
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West sagging region Hogging region 
Figure 4.20: Photos of specimen S-EB-C2A at failure 
  
West sagging region Hogging region 
Figure 4.21: Photos of specimen S-EB-C4A at failure 
4.2.2.3 Deflection Response 
The load-deflection response of the control specimen S-NS is shown in 
Figure 4.5 and was previously discussed in section 4.2.1.3. The specimen exhibited 
flexural cracks at a deflection of approximately 0.6 mm and last yielding at an average 
deflection of 14.3 mm. The specimen attained its ultimate load of 92.6 kN at an average 
deflection of 41 mm.  
The load-deflection response for specimen S-EB-C2 is shown in Figure 4.22. 
The east and west sagging mid-spans experienced an almost identical trilinear 
deflection response throughout testing. Flexural cracks were initiated early at an 
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average mid-span deflection of 2 mm. After cracking, higher rate of increase in the 
mid-span deflection was observed until yielding of the tensile steel occurred in the 
sagging region at an average mid-span deflection of 9.8 mm then in the hogging region 
at an average mid-span deflection of 11.2 mm. In the post-yielding stage, the deflection 
continued to increase almost linearly but at a higher rate until failure of the specimen 
occurred at a load value of 134.1 kN and corresponding deflections of 18.7 mm and 
22.6 mm in the east and west mid-spans, respectively.  
The deflection response of specimen S-EB-C4 strengthened with four EB-
CFRP sheets is shown in Figure 4.23. A trilinear deflection response was observed. 
Flexural cracks were initiated early at a deflection value of 1.3 mm in both sagging 
regions. After cracking, the deflection increased at a higher rate with insignificant 
variation between the east and west mid-span deflections until yielding of the tensile 
steel took place in both sagging and hogging regions almost simultaneously at an 
average mid-span deflection of 10.8 mm. Afterwards, the deflections continued to 
increase linearly but at a higher rate until the specimen failed at an ultimate load of 
156.4 kN and corresponding east and west mid-span deflections of 17.2 mm and 18.3 
mm, respectively.  
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                Figure 4.22: Load-deflection response of specimen S-EB-C2 
 
                Figure 4.23: Load-deflection response of specimen S-EB-C4 
Figure 4.24 shows the load-deflection response of specimen S-EB-C2A 
strengthened with two EB-CFRP sheets in both sagging regions with mechanical 
anchors. The specimen demonstrated a linear deflection response until initiation of 
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flexural cracks at an average mid-span deflection of 1.2 mm. Then, the deflection 
increased at an almost constant rate up to east and west mid-span deflections of 10.1 
mm and 12.9 mm, respectively, where yielding of the tensile steel took place in the 
sagging regions then followed shortly by yielding of the tensile steel in the hogging 
region. In the last stage, the deflection continued to increase at a higher rate until the 
specimen reached its ultimate load of 133.4 kN at east and west mid-span deflections 
of 19.1 mm and 21.6 mm, respectively.  
Figure 4.25 shows the load-deflection response of specimen S-EB-C4A 
strengthened with four EB-CFRP sheets and mechanical anchors. The specimen 
experienced a linear response up to an average mid-span deflection of approximately 
1.2 mm. Then, the deflection increased at an almost constant rate until yielding of the 
tensile steel took place in both sagging and hogging regions almost at the same time at 
an average mid-span deflection of approximately 11.6 mm. In the last stage, the 
deflection continued to increase but at a higher rate and the two spans demonstrated a 
similar deflection response until the specimen reached a load value of 147.8 kN where 
local debonding of the EB-CFRP sheets between the mechanical anchors occurred at 
east and west mid-span deflections of 14.7 mm and 17.1 mm, respectively. The local 
debonding of the CFRP sheets resulted in a sudden drop in the load. The specimen 
was, however, capable of sustaining additional load because of the presence of the 
mechanical anchorage. The additional increase in the load was accompanied by a 
considerable increase in the west mid-span deflection. Eventually, the specimen failed 
at an ultimate load of 150.4 kN at a west mid-span deflection of 25.1 mm.  
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                Figure 4.24: Load-deflection response of specimen S-EB-C2A 
 
                Figure 4.25: Load-deflection response of specimen S-EB-C4A 
Figure 4.26 shows the load-deflection response of the control specimen and 
specimens of group [A] strengthened with the EB composite system. In this figure, the 
average of the east and west mid-span deflections was adopted for the purpose of 
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comparison. From this figure, it can be seen that flexural strengthening with two EB-
CFRP sheets improved the slab stiffness but significantly decreased the slab deflection 
capacity. Increasing the amount of EB-CFRP sheets in the specimens without 
mechanical anchors improved the slab stiffness and the peak load but slightly 
decreased the slab deflection capacity. The deflection responses of specimens S-EB-
C2 and S-EB-C2A were identical. Similarly, the deflection responses of specimens S-
EB-C4 and S-EB-C4A were almost the same. Nevertheless, specimens S-EB-C4A 
exhibited greater deflection capacity than that of specimen S-EB-C4 after the 
occurrence of a sudden drop in the load followed by a subsequent increase in the load 
prior to failure. Only the control specimen S-NS exhibited a softening branch after 
reaching its ultimate load while the failure load of the strengthened specimens 
coincided with their ultimate load. 
 
Figure 4.26: Load-deflection response of specimens of group [A] strengthened with  
EB composites 
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4.2.2.4 Ductility Index 
Table 4.7 gives the ductility index, µ, of the control specimen S-NS and that of 
specimens of group [A] strengthened with EB-CFRP composites. The deflection 
values in the table were taken from Figure 4.26 where it represented the average of the 
east and west mid-span deflections for each specimen. The values of ∆p and ∆f for all 
of the strengthened specimens were equal because their deflection response did not 
have a softening branch. From this table, it can be seen that all of the strengthened 
specimens exhibited a lower ductility index than that of the control specimen S-NS. 
The ductility index of specimen S-EB-C2 was approximately 27% lower than that of 
the control specimen S-NS. Increasing the number of CFRP sheets from two to four in 
specimen S-EB-C4 decreased the ductility index by approximately 15%. The ductility 
index of specimen S-EB-C2A was insignificantly higher than that of its counterpart 
specimen S-EB-C2. However, the ductility index of specimen S-EB-C4A strengthened 
with four EB-CFRP sheets along with mechanical anchorages was almost equal to that 
of its counterpart specimen S-EB-C4 strengthened with the same amount of CFRP 
sheets but without mechanical anchorages. 
Table 4.7: Deflection and ductility indices for specimens of group [A] strengthened 
with EB composites 
Specimen 
designation 
∆y 
(mm) 
∆p 
(mm) 
∆f 
(mm) 
µ DIRa 
S-NS 14.7 19.5 38.8 2.64 1.00 
S-EB-C2 10.7 20.7 20.7 1.93 0.73 
S-EB-C4 10.6 17.8 17.8 1.68 0.64 
S-EB-C2A 10.0 20.4 20.4 2.04 0.77 
S-EB-C4A 11.9 20.4 20.4 1.71 0.65 
a DIR= ductility index ratio with respect to that of the control specimen S-NS 
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4.2.2.5 Tensile Steel Strain Response 
The tensile steel strain response for specimens of group [A] strengthened with 
EB-CFRP composites along with that of the control specimen S-NS are shown in 
Figure 4.27. The strain gauge in most of the specimens failed after considerable steel 
strains in the post-yielding stage. All specimens featured a tri-linear tensile steel strain 
response. Prior to cracking, the steel experienced no or minimal strain values. After 
initiation of flexural cracks, the strain of the tensile steel increased at a constant rate 
until yielding took place. Then, the response of the tensile steel exhibited a plastic 
behavior with a significant increase in strain values and minimal increase in load 
values.  
The control specimen S-NS was the only specimen in group [A] that 
experienced a sudden increase in the strain after initiation of flexural cracks in the 
sagging region due to the reduced amount of tensile steel in the sagging regions. 
Strengthening with EB-CFRP system in the deficient sagging regions reduced the rate 
of increase of the tensile steel of both the sagging and hogging region after initiation 
of flexural cracks with respect to that of the control unstrengthened specimen S-NS. 
This resulted in increasing the yielding and ultimate load values sustained by the 
strengthened specimens relative to those of the control specimen S-NS. Increasing the 
amount of EB composites from two to four sheets increased the yielding load in both 
sagging and hogging regions. It should be noted that yielding of the tensile steel in the 
strengthened specimens occurred almost simultaneously in both sagging and hogging 
regions. The application of EB-CFRP sheets in the sagging regions reduced the 
difference between the yielding load values of the sagging and hogging regions so that 
the yielding load in both regions became almost equal. This validates the efficacy of 
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the EB strengthening system in improving the load carrying capacity and delaying 
yielding of the tensile steel in the deficient regions. 
 
Figure 4.27: Tensile steel strain response for specimens of group [A] strengthened 
with EB composites 
4.2.2.6 FRP Strain Response 
The FRP strain response for specimens of group [A] strengthened with EB-
CFRP system in the east and west sagging regions is shown in Figure 4.28. The three 
stages of the strain response are clearly presented in the graph. Minimal strains were 
observed prior to cracking of the specimens. At the onset of cracking, the FRP strains 
started to increase at an almost constant rate up to the second change in slope where 
yielding of the tensile steel occurred. After that, the FRP strains continued to increase 
at a higher rate until failure of the specimen took place. Increasing the number of CFRP 
sheets from two to four in specimens S-EB-C4 and S-EB-C4A reduced the rate of 
increase of the FRP strains relative to that of specimens S-EB-C2 and S-EB-C2A. 
Thus, specimens S-EB-C4 and S-EB-C4A exhibited higher load magnitudes at 
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yielding of the tensile steel and at ultimate than those of specimens S-EB-C2 and S-
EB-C2A, respectively.  
Specimens S-EB-C2A and S-EB-C4A that included mechanical anchors along 
the EB sheets exhibited FRP strain responses similar to those of specimens S-EB-C2 
and S-EB-C4, respectively. The FRP strain recorded at the onset of yielding of the 
tensile steel was approximately 6200 µɛ, 5000 µɛ, 7000 µɛ, and 4700 µɛ for specimens 
S-EB-C2, S-EB-C4, S-EB-C2A, and S-EB-C4A, respectively.  
Specimens S-EB-C2, S-EB-C4, S-EB-C2A, and S-EB-C4A reached their peak 
loads at FRP strain values of 9950 µɛ, 7200 µɛ, 9400 µɛ, and 6400 µɛ, respectively. 
Since the manufacturer reported a rupture strain value of 15,000 µɛ for the EB-CFRP 
sheets, the values of the FRP strain at peak load for specimens S-EB-C2, S-EB-C4, S-
EB-C2A, and S-EB-C4A resembled approximately 66%, 48%, 63%, and 43% of the 
CFRP rupture strain, respectively. This endorses that none of the strengthened 
specimens failed by rupture of the EB-CFRP composite reinforcement. Obviously, 
increasing the amount of the EB-CFRP sheets reduced the FRP strain value at peak 
load.  
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Figure 4.28: FRP strain response for specimens of group [A] strengthened with EB 
composites 
4.2.2.7 Concrete Strain Response 
Figure 4.29 depicts the concrete strain response for specimens of group [A] 
strengthened with EB composites. The response of the control specimen S-NS is also 
included in the figure for the purpose of comparison. Clip gauges bonded to the 
extreme compression fiber of concrete in the sagging and hogging regions were used 
to capture the concrete strains. Specimen S-NS experienced failure of the clip gauge 
at early stages during testing in the sagging region, thus, the concrete strain was not 
captured whereas the clip gauge in the hogging region failed shortly after yielding of 
the tensile steel. Similarly, the clip gauge attached to the sagging region of specimen 
S-EB-C2 and to the hogging region of specimen S-EB-C4A failed shortly after 
yielding of the tensile steel. This can be attributed to local concrete crushing and/or 
cracking under the demec points of the clip gauge. 
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Generally, the concrete strain response featured three phases. In the pre-
cracking phase, the specimens exhibited negligible concrete strain until initiation of 
flexural cracks. After cracking, the concrete strain increased at a constant rate as the 
load progressed until yielding of the tensile steel took place. The concrete strains in 
the sagging region for the strengthened specimens at the onset of yielding were in the 
range of 700 µɛ to 900 µɛ with an average of 800 µɛ whereas the hogging region 
exhibited concrete strains of 1000 µɛ, 1700 µɛ, 2000 µɛ, and 1100 µɛ at the onset of 
yielding in specimens S-EB-C2, S-EB-C4, S-EB-C2A, and S-EB-C4A, respectively.  
A plastic concrete strain response was observed in the hogging region in the 
post-yielding phase. The concrete strain response in the sagging region for all 
specimens showed insignificant change in the rate of increase of the concrete strain 
after yielding of the tensile steel. Specimen S-EB-C2 reached its peak load at concrete 
strain values of 1200 µɛ and 2600 µɛ in the sagging and hogging regions, respectively. 
Specimen S-EB-C4 attained a peak load of 156 kN at a corresponding concrete strain 
of 1130 µɛ in the sagging region and 3460 µɛ in the hogging region. Specimen S-EB-
C2A with mechanical anchors experienced considerable concrete strain in the hogging 
region prior to failure. A concrete strain value of 5800 µɛ was recorded in the hogging 
region of specimen S-EB-C2A at peak load. Specimen S-EB-C4A exhibited a 
maximum strain value of 2100 µɛ in the sagging region and 1550 µɛ in the hogging 
region prior to failure. 
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Figure 4.29: Concrete strain response for specimens of group [A] strengthened with 
EB composites 
4.2.2.8 Support Reactions 
Figure 4.30 depicts the middle and end support reactions drawn against the 
total applied load for specimens of group [A] strengthened with EB composites along 
with the response of the control specimen. A load cell placed between the middle 
support and the soffit of the specimen was used to acquire the middle support reactions 
whereas the end support reactions were calculated based on satisfying equilibrium of 
forces using the measured total applied loads and the measured middle support 
reactions. The reactions obtained from an elastic analysis assuming uniform flexural 
stiffness along the slab spans (illustrated in Figure 4.15) are also plotted in the 
Figure 4.30.  
Prior to initiation of cracks, all specimens exhibited middle and end support 
reactions almost identical to those of the elastic reactions. After initiations of flexural 
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cracks, the middle support reactions became higher than the elastic reactions whereas 
the end support reactions became lower. The control specimen S-NS exhibited the 
greatest deviation from the elastic behavior of both middle and end support reactions. 
The deviation from the elastic response further increased after yielding of the tensile 
steel in the sagging region. The reduced amount of tensile steel in the sagging regions 
relative to that of the hogging region in specimen S-NS resulted in an increase in the 
middle support reactions and a reduction in the end support reactions. The 
development and propagation of cracks were more significant in the weak sagging 
regions than those in the hogging region. Henceforth, the flexural stiffness in the 
sagging regions was lower than that of the hogging region which reduced the end 
support reactions and increased the load transferred to the middle support in specimen 
S-NS.  
After the initiation of cracks, strengthening with EB composites in the sagging 
regions reduced the middle support reactions and increased the end support reactions 
relative to those of the control specimen. Increasing the amount of the EB composites 
in the sagging regions further reduced the loads transferred to the middle support and 
increased those transferred to the end supports compared with the reactions of the 
control specimen S-NS. The application of mechanical anchors in specimens S-EB-
C2A and S-EB-C4A had insignificant effect on the values of middle and end support 
reactions compared to those of specimens S-EB-C2 and S-EB-C4 without mechanical 
anchors, respectively. This indicated that as long as there was no sudden delamination 
of the CFRP sheets attached to the soffit of the slab, the mechanical anchors had little 
or no effect on the middle and end support reactions exhibited by the specimens. It 
should be noted that the response of the specimens strengthened with the EB 
composites experienced less deviation from the elastic behavior compared with that 
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exhibited by the specimens strengthened with the NSM composites. This can be 
attributed to the greater contact area between the EB composites and the concrete 
surface in the sagging regions, hence, more control on growth and propagation of 
flexural cracks and less variation in flexural stiffness between the sagging and hogging 
regions.  
 
Figure 4.30: Total applied load versus support reactions for specimens of group [A] 
strengthened with EB composites 
4.2.2.9 Moment-Deflection Response 
Figure 4.31 demonstrates the moment-deflection response for specimens of 
group [A] strengthened with the EB composite reinforcement. The sagging and 
hogging moments were calculated using the experimentally measured total applied 
loads and middle support reactions. The average of the east and west mid-span 
deflections was implemented in Figure 4.31 for the purpose of comparison.  
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For a given mid-span deflection, the sagging moment of the control specimen 
S-NS was substantially lower than the hogging moment. For the strengthened 
specimens, the sagging moment at a given mid-span deflection was also lower than the 
hogging moment at the same deflection. The variation between the sagging and 
hogging moments decreased as the amount of EB-CFRP sheets increased. The trend 
of the hogging moment response for all specimens was insignificantly different. This 
occurred because no strengthening was provided in the hogging region in all specimens 
(i.e. all spans had same amount of reinforcement in the hogging region). At a given 
mid-span deflection, the strengthened specimens exhibited, however, higher sagging 
moments than that of the control specimen. The sagging moment at a given mid-span 
deflection further increased as the amount of EB-CFRP composites increased in the 
sagging region. For example, at an average mid-span deflection of 10 mm, the sagging 
moments were 6.5 kN.m, 11.7 kN.m, 14.3 kN.m, 6.6 kN.m, and 14.2 kN.m for 
specimens S-NS, S-EB-C2, S-EB-C4, S-EB-C2A, and S-EB-C4A, respectively.  
The yielding and ultimate sagging and hogging moments for the strengthened 
specimens and the control specimen are shown in Table 4.8. The table also lists the 
yielding and ultimate moment enhancement ratios, 
s,y
 and 
s,u
, respectively. From the 
table, it is noticed that the sagging yielding and ultimate moments for the strengthened 
specimens were higher than those of the control specimen whereas the hogging 
moments remained almost unchanged. Moreover, the moments of the specimens 
strengthened with the same amount of EB-CFRP composites (S-EB-C2 and S-EB-
C2A; S-EB-C4 and S-EB-C4A) were insignificantly different in both sagging and 
hogging regions. The sagging yielding moment for the specimens strengthened with 
two EB-CFRP sheets was on average 11.0 kN.m. Increasing the amount of composites 
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from two to four EB-CFRP sheets increased the sagging yielding moment from 11 
kN.m to 15.9 kN.m which corresponded to an increase of approximately 45%. 
The yielding moment enhancement ratio, 
s,y
, for specimen S-EB-C2 was 1.74 
whereas the ultimate moment enhancement ratio, 
s,u
, was 2.10. Doubling the amount 
of the EB-CFRP sheets increased the yielding and ultimate moment enhancement 
ratios for specimen S-EB-C4 to 2.40 and 2.61, respectively. The installation of 
mechanical anchors in specimens S-EB-C2A and S-EB-C4A had no effect on the 
yielding and ultimate moment enhancement ratios.  
 
Figure 4.31: Moment-deflection response for specimens of group [A] 
strengthened with EB composites 
 
 
 
 
 
S-NS
S-EB-C2
S-EB-C2
S-EB-C4
S-EB-C4
S-EB-C2A
S-EB-C2A
S-EB-C4A
S-EB-C4A
S-NS
0
5
10
15
20
25
30
35
0
5
10
15
20
25
30
35
80 60 40 20 0 20 40 60 80
S
a
g
g
in
g
 m
o
m
e
n
t 
(k
N
.m
)
H
o
g
g
in
g
 m
o
m
e
n
t 
(k
N
.m
)
Mid-span deflection (mm)
 141 
 
 
Table 4.8: Moment from experiments for specimens of group [A] strengthened with 
EB composites 
Specimen 
designation 
My (kN.m) Mu (kN.m) 
Sagging moment 
enhancement ratio 
Sagging Hogging Sagging Hogging s,y
a 
s,u
b 
S-NS 6.5 24.9 7.9 25.9 1.00 1.00 
S-EB-C2 11.3 25.4 16.6 27.2 1.74 2.10 
S-EB-C4 15.6 25.0 20.6 29.3 2.40 2.61 
S-EB-C2A 10.7 25.4 15.5 28.9 1.65 1.96 
S-EB-C4A 16.1 26.0 19.1 29.6 2.48 2.42 
a Sagging yielding moment enhancement ratio relative to that of the control specimen S-NS 
b Sagging ultimate moment enhancement ratio relative to that of the control specimen S-NS 
4.2.2.10 Load-Moment Relationship 
The load versus the sagging and hogging moment relationships for specimens 
of group [A] strengthened with EB composite reinforcement along with that of the 
control specimen are shown in Figure 4.32. Elastic moments in the sagging and 
hogging regions are also depicted in the figure for the purpose of comparison. Prior to 
cracking, all specimens exhibited an almost identical elastic response in which the 
sagging and hogging moments coincided with the calculated elastic moments. After 
cracking, the sagging moments for all specimens were lower than the elastic moments 
whereas the hogging moments were higher than the elastic moments. The control 
specimen S-NS exhibited the greatest deviation from the elastic moments. It should be 
noted that the behavior of specimens S-EB-C2 and S-EB-C4 were similar to that of 
their counterpart specimens with mechanical anchors S-EB-C2A and S-EB-C4A, 
respectively.  
Strengthening with two EB-CFRP sheets in the sagging regions of specimens 
S-EB-C2 and S-EB-C2A increased the sagging moments and reduced the hogging 
moments in comparison with those of the control specimen S-NS. The application of 
 142 
 
 
four EB-CFRP sheets in specimens S-EB-C4 and S-EB-C4A further increased the 
sagging moments and reduced the hogging moments. Following yielding of the tensile 
steel in the hogging region (i.e. last yielding), the strengthened specimens featured an 
increase in the sagging moments and a decrease in the hogging moments which 
diverted the response to get closer to the elastic behavior. The same observations were 
noted in the middle and end support reactions of the strengthened specimens 
(section 4.2.2.8) where the middle and end support reactions tended to return to the 
elastic behavior after the yielding of the tensile steel in the hogging region.  
 
Figure 4.32: Load-moment relationships for specimens of group [A] strengthened 
with EB composites 
4.2.2.11 Moment Redistribution 
Tables 4.9 and 4.10 give the moment redistribution ratios at the last yielding 
and the peak load, respectively, calculated based on Eq. 4.4. The control specimen S-
NS exhibited the highest moment redistribution values at the last yielding and also at 
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the peak load. The moment redistribution values for the control specimen S-NS at the 
last yielding were insignificantly different from the values at the peak load. This 
occurred because the last yielding load and the ultimate loads of specimen S-NS were 
almost equal. 
From Tables 4.9 and 4.10, it can be seen that the moment redistribution ratios 
at the last yielding load and at the peak load decreased as the amount of composite 
reinforcement increased. Strengthening with two EB-CFRP sheets in specimen S-EB-
C2 resulted in moment redistribution ratios at the last yielding load of -20.5% and 
35.1% in the sagging and hogging regions, respectively. For the same specimen S-EB-
C2, the moment redistribution ratios at peak load were -12.2% and 20.4% in the 
sagging and hogging regions, respectively. Doubling the amount of EB-CFRP sheets 
from two to four in specimen S-EB-C4 further decreased the moment redistribution 
values in the sagging and hogging regions to -12.4% and 20.7% at the last yielding 
and -6.4% and 11% at the peak load, respectively. The effect of the presence of the 
mechanical anchors on the moment redistribution values was insignificant.  
Table 4.9: Moment redistribution ratios at the last yielding load for specimens of 
group [A] strengthened with EB composites 
Specimen 
designation 
Moment from 
experiment 
Elastic moment βy % 
Msy,exp 
(kN.m) 
Mhy,exp 
(kN.m) 
Msy,e 
(kN.m) 
Mhy,e 
(kN.m) 
Sagging Hogging 
S-NS 7.4 24.9 12.4 14.8 - 40.3 68.2 
S-EB-C2 12.4 25.4 15.6 18.8 - 20.5 35.1 
S-EB-C4 15.6 25.7 17.8 21.3 - 12.4 20.7 
S-EB-C2A 11.0 25.4 14.8 17.8 - 25.7 42.7 
S-EB-C4A 16.1 26.4 18.3 22.0 - 12.0 20.0 
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Table 4.10: Moment redistribution ratios at peak load for specimens of group [A] 
strengthened with EB composites 
Specimen 
designation 
Moment from 
experiment 
Elastic moment βp % 
Msp,exp 
(kN.m) 
Mhp,exp 
(kN.m) 
Msp,e 
(kN.m) 
Mhp,e 
(kN.m) 
Sagging Hogging 
S-NS 7.9 25.9 13.0 15.6 - 39.2 64.8 
S-EB-C2 16.6 27.2 18.9 22.6 - 12.2 20.4 
S-EB-C4 20.6 29.3 22.0 26.4 - 6.4 11.0 
S-EB-C2A 15.5 28.9 18.8 22.5 - 17.6 28.4 
S-EB-C4A 19.1 29.6 21.2 25.4 - 9.9 16.5 
 
4.3 Test Results of Group [B] 
Group [B] comprised eight two-span continuous reinforced concrete 
specimens that were flexure-deficient in the hogging region. All specimens were 
deficient in the hogging region. Three specimens were strengthened in the hogging 
region with near surface mounted (NSM) composite reinforcement, four specimens 
were strengthened in the hogging region with externally bonded (EB) composites, and 
one specimen was left unstrengthened to act as a benchmark.  
4.3.1 Specimens Strengthened with NSM Composites 
One and two NSM-CFRP strips were used in strengthening specimens H-
NSM-C1 and H-NSM-C2, respectively, whereas specimen H-NSM-G3 was 
strengthened with three NSM-GFRP bars. The NSM composites were applied to the 
hogging region and placed symmetrically around the middle support with a length of 
1200 mm.  
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4.3.1.1 Load Capacity 
The cracking, yielding, and ultimate loads for specimens of group [B] 
strengthened in the hogging region with NSM composite reinforcement are shown in 
Table 4.11. The table also includes load values of the control specimen H-NS for the 
purpose of comparison. The load capacity enhancement ratio, , was calculated for 
each strengthened specimen relative to that of the control specimen H-NS. The 
cracking and yielding loads in the sagging and hogging regions were taken from the 
tensile steel strain response presented in section 4.3.1.5. The cracking and yielding 
load values were identified from the first and second change, respectively, in the slope 
of the tensile steel strain response. The strain gauges attached to the tensile steel in the 
hogging region of specimens H-NS and H-NSM-C1 malfunctioned during casting, 
thus, the cracking and yielding loads of the hogging region were obtained from the 
moment-deflection response given in section 4.3.1.9.  
Table 4.11: Load capacity for specimens of group [B] strengthened with NSM 
composites 
Specimen 
designation 
Pcr (kN) Py (kN) Pu 
(kN) 
a 
Sagging Hogging Sagging Hogging 
H-NS 18.6 9.4 113.2 76.1 118.0 1.00 
H-NSM-C1 20.5 12.9 123.2 103.4 134.1 1.14 
H-NSM-C2 23.1 22.2 125.0 122.3 151.8 1.29 
H-NSM-G3 26.1 22.7 127.3 113.9 163.5 1.39 
a Load capacity enhancement ratio with respect to that of the control unstrengthened specimen H-NS 
The control specimen H-NS exhibited flexural cracks in the hogging region at 
a load value of 9.4 kN then in the sagging region at a load value of 18.6 kN. Yielding 
of the tensile steel in the hogging region occurred first at a load value of 76.1 kN then 
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in the sagging region at a load value of 113.2 kN. This occurred because of the reduced 
amount of tensile steel in the hogging region of specimen H-NS. The ultimate load of 
the control specimen H-NS registered a value of 118 kN.  
Flexural cracks in the strengthened specimens H-NSM-C1, H-NSM-C2, and 
H-NSM-G3 in the sagging and hogging regions initiated at higher loads than those of 
the control specimen H-NS. Flexural strengthening in the hogging region increased the 
yielding loads of both sagging and hogging regions. The increase of the tensile steel 
yielding load in the sagging region due to strengthening was in the range of 8.8% to 
12.5% with an average of 10.6% whereas the hogging yielding load increased by 36% 
for specimen H-NSM-C1, 61% for specimen H-NSM-C2, and 50% for specimen H-
NSM-G3.  
Strengthening with one NSM-CFRP strip in the hogging region of specimen 
H-NSM-C1 increased the load capacity by 14% compared with that of the control 
specimen H-NS. Increasing the amount of strengthening from one to two NSM-CFRP 
strips in the hogging region of specimen H-NSM-C2 increased the load capacity 
enhancement ratio from 1.14 to 1.29. This indicated that doubling the amount of the 
NSM composite reinforcement in the hogging region increased the strength gain by 
two folds (strength gain increased from 14% to 29%). Specimen H-NSM-G3 
strengthened with three NSM-GFRP bars in the hogging region exhibited 39% 
increase in the load capacity compared with that of the control specimen H-NS. The 
increased flexural rigidity of the three NSM-GFRP bars over that of the two NSM-
CFRP strips explains why specimen H-NSM-G3 exhibited higher load capacity 
enhancement ratio compared with that of specimen H-NSM-C2.   
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4.3.1.2 Failure Mode 
The control specimen H-NS failed in a flexural mode of failure. Flexural cracks 
were initiated first in the hogging region then in the sagging regions. As the loading 
progressed, yielding of the tensile steel occurred in the hogging region then in the 
sagging regions. After yielding of the tensile steel, a central crack over the middle 
support widened followed by concrete crushing in both sagging and hogging regions. 
Photos of specimen H-NS at failure are shown in Figure 4.33.  
Specimen H-NSM-C1 had a flexural mode of failure. Flexural cracks occurred 
first in the hogging region then in the sagging regions. After formation of cracks and 
progressive loading, yielding of the tensile steel in the hogging region took place 
followed by yielding of the tensile steel in the sagging regions. After yielding, concrete 
crushing was initiated in the hogging region over the middle support and the specimen 
failed. Visual inspection revealed local crushing at the top surface of concrete in the 
mid-spans. Photos for specimen H-NSM-C1at failure are shown in Figure 4.34.  
  
West sagging region Hogging region 
Figure 4.33: Photos of specimen H-NS at failure 
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West sagging region Hogging region 
Figure 4.34: Photos of specimen H-NSM-C1 at failure 
Specimen H-NSM-C2 exhibited flexural cracks in the sagging and hogging 
regions almost concurrently. As the loading progressed, the tensile steel in the hogging 
region yielded followed shortly by yielding of the tensile steel in the sagging region. 
Continuous loading led to crushing of concrete in the hogging region. Shortly after 
that, local concrete crushing occurred in the sagging region. At the onset of occurrence 
of the local concrete crushing in the sagging region, a shear crack developed over the 
middle support that led to total failure of the specimen. Photos of specimen H-NSM-
C2 at failure are shown in Figure 4.35.  
Specimen H-NSM-G3 failed in a flexural mode of failure. Flexural cracks 
initiated in both the sagging and hogging regions together. At higher loads, yielding of 
the tensile steel took place in the hogging region then in the sagging region. 
Continuous loading led to concrete crushing in both sagging and hogging regions 
under the load point and over the middle support, respectively. Photos of specimen H-
NSM-G3 at failure are shown in Figure 4.36.  
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West sagging region Hogging region 
Figure 4.35: Photos of specimen H-NSM-C2 at failure 
  
West sagging region Hogging region 
Figure 4.36: Photos of specimen H-NSM-G3 at failure 
4.3.1.3 Deflection Response 
The load-deflection response of the control specimen H-NS is shown in 
Figure 4.37. The mid-span deflection response of the east and west sagging regions 
were insignificantly different. The specimen exhibited minimal deflection values up 
to cracking that took place at an average deflection of 1.4 mm. After cracking, both 
mid-span deflections continued to increase linearly in an almost constant rate until 
yielding of the tensile steel in the hogging region took place at an average mid-span 
deflection of 7.8 mm. Yielding of the tensile steel in the hogging region caused 
insignificant change in the load-deflection response. The mid-span deflections 
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continued to increase until last yielding of the tensile steel took place in the sagging 
region at an average mid-span deflection of 14.3 mm. Then, the two spans experienced 
a plastic deflection response where the deflection increased significantly with no or 
minor increase in load until the specimen reached its ultimate load of 118 kN at 
corresponding east and west mid-span deflections of 16.3 mm and 20 mm, 
respectively.  
The deflection response of specimen H-NSM-C1 strengthened with one NSM-
CFRP strip in the hogging region is shown in Figure 4.38. The figure shows a trilinear 
response and insignificant difference between the east and west mid-span deflections 
until the occurrence of the last yielding of the tensile steel in the sagging region. The 
specimen followed a linear behavior until flexural cracks initiated in the sagging and 
hogging regions at an average deflection of 1.5 mm. After cracking, the linear response 
was maintained but the deflection increased at a higher rate up to east and west 
deflections of 14 mm and 14.7 mm, respectively, which corresponded to yielding of 
the tensile steel in the sagging region. It should be noted that yielding of the tensile 
steel occurred first in the hogging region but did not change the slope of the deflection 
response. Further loading led to initiation of concrete crushing in the hogging region 
at a load of 131 kN and deflection values of 17.8 mm and 19.4 mm in the east and west 
sagging regions, respectively. Shortly after that, the specimen failed at an ultimate load 
of 134.1 kN and corresponding west mid-span deflection of 31.3 mm.  
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                Figure 4.37: Load-deflection response of specimen H-NS 
 
                Figure 4.38: Load-deflection response of specimen H-NSM-C1 
Figure 4.39 presents the load-deflection response of specimen H-NSM-C2 
strengthened with two NSM-CFRP strips in the hogging region. The specimen featured 
a trilinear response and an almost identical deflection response in both east and west 
H-NS-E
H-NS-W
0
25
50
75
100
125
150
175
0 10 20 30 40 50 60 70 80
T
o
ta
l 
lo
a
d
 (
k
N
)
Mid-span deflection (mm)
H-NS-E
H-NS-W
Yielding in 
sagging
Yielding in hogging
H-NSM-C1-E
H-NSM-C1-W
0
25
50
75
100
125
150
175
0 10 20 30 40 50 60 70 80
T
o
ta
l 
lo
a
d
 (
k
N
)
Mid-span deflection (mm)
H-NSM-C1-E
H-NSM-C1-W
Yielding in sagging
Yielding in hogging
 152 
 
 
sagging regions throughout all loading stages. The specimen exhibited minimal 
deflection values in the east and west sagging regions until cracking occurred at an 
average deflection value of 1.5 mm. The second change of slope occurred at an average 
mid-span deflection of 11.1 mm where yielding of the tensile steel took place in the 
sagging region. It should be noted, yielding of the tensile steel in the hogging region 
preceded yielding of the tensile steel in the sagging region but did not result in a change 
in the slope of the load-deflection response. Further loading took the specimen to 
failure at its ultimate load of 151.8 kN with corresponding mid-span deflections of 
20.4 mm and 19.3 mm in the east and west sagging regions, respectively.  
The load-deflection response of specimen H-NSM-G3 is shown in Figure 4.40. 
The east and west mid-span deflections were insignificantly different. Flexural cracks 
were initiated at a mid-span deflection of 1.1 mm. After cracking, the deflection 
continued to increase at an almost constant rate until second change in slope occurred 
which corresponded to yielding of the tensile steel in the sagging region at deflection 
values of 10.3 mm and 12.4 mm in the east and west mid-spans, respectively. This was 
preceded by yielding of the tensile steel in the hogging region without changing the 
slope of the deflection response. After the last yielding, the specimen experienced a 
significant increase in deflection with minimal increase in the load until failure took 
place at an ultimate load of 163.5 kN and corresponding deflections of 21.4 mm and 
31.2 mm in the east and west sagging regions, respectively.  
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                Figure 4.39: Load-deflection response of specimen H-NSM-C2 
 
                Figure 4.40: Load-deflection response of specimen H-NSM-G3 
Figure 4.41 shows the load-deflection response of the control specimen H-NS 
and that of specimens of group [B] strengthened with the NSM system. The average 
of the east and west sagging mid-span deflections was adopted in Figure 4.41 for 
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clarity. In this figure, it can be seen that flexural strengthening with one NSM-CFRP 
in the hogging region slightly increased the stiffness of specimen H-NSM-C1 over that 
of the control specimen H-NS. Increasing the amount of the NSM composite 
reinforcement further improved the stiffness and increased the last yielding load and 
also the peak load. All strengthened specimens reached their peak loads at deflection 
values higher than that of the control unstrengthened specimen H-NS. The deflection 
capacity decreased as the amount of NSM-CFRP strips increased. Specimen H-NSM-
C1 with one NSM-CFRP strip failed at a mid-span deflection of approximately 25 mm 
whereas specimen H-NSM-C2 with two NSM-CFRP strips failed at a mid-span 
deflection of approximately 20 mm. The deflection responses of specimens H-NSM-
C2 and H-NSM-G3 were insignificantly different prior to the last yielding. In the post-
yielding stage, specimen H-NSM-G3 experienced higher post-yielding stiffness than 
that of specimen H-NSM-C2. This can be attributed to the higher axial rigidity of the 
three NSM-GFRP bars compared with that of the two NSM-CFRP strips.  
 
Figure 4.41: Load-deflection response of specimens of group [B] strengthened 
with NSM composites 
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4.3.1.4 Ductility Index 
Table 4.12 gives the ductility index, µ, for the control specimen H-NS and for 
specimens of group [B] strengthened with NSM composites. The deflection values 
reported in the table were taken from Figure 4.41, which represented the average of 
the east and west mid-span deflections of the specimens. The values of ∆p and ∆f for 
all of the strengthened specimens were equal because their deflection response did not 
have a softening branch. The ductility index of the strengthened specimens was, 
generally, higher than that of the control specimen H-NS. The ductility indices for 
specimens H-NSM-C1, H-NSM-C2, and H-NSM-G3 were higher than that of the 
control specimen by 14%, 34%, and 66%, respectively. This demonstrates that 
strengthening of continuous RC slab strips in the hogging region can improve not only 
the load capacity but also the ductility.  
Table 4.12: Deflection and ductility indices for specimens of group [B] strengthened 
with NSM composites 
Specimen 
designation 
∆y 
(mm) 
∆p
mm) 
∆f
(mm) 
µ DIRa 
H-NS 14.0 18.2 22.5 1.61 1.00 
H-NSM-C1 13.4 24.7 24.7 1.84 1.14 
H-NSM-C2 9.2 19.9 19.9 2.16 1.34 
H-NSM-G3 9.8 26.3 26.3 2.68 1.66 
a DIR = ductility index ratio with respect to that of the control specimen H-NS 
4.3.1.5 Tensile Steel Strain Response 
The data captured from the strain gauges bonded to the tensile steel in the mid-
spans and over the middle support for the specimens strengthened with NSM 
composites in the hogging region are plotted against the total applied load in 
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Figure 4.42. The tensile steel strain response of the control specimen H-NS is also 
added in the same figure for the purpose of comparison. Most of the strain gauges 
failed after yielding of the tensile steel at load values lower than the ultimate load, 
possibly due to loss of bond or breakage of bridge wires after the occurrence of 
significant inelastic steel strains.  
All specimens featured an almost tri-linear tensile steel strain response 
throughout testing. In the first stage, the steel exhibited no or minimal strains until 
initiation of flexural cracks. After flexural cracking, the strains in the tensile steel 
increased at an almost constant rate until yielding took place. In the third stage, the 
steel strain in the sagging region showed almost perfectly plastic response where 
strains in the tensile steel increased significantly with no or minimal increase in the 
applied load. However, the strains of the tensile steel in the hogging region increased 
gradually as the load progressed after yielding but at a higher rate until failure of the 
strain gauge occurred. From Figure 4.42, it can be seen that flexural strengthening with 
the NSM composites delayed yielding of the tensile steel and thus, increased the load 
capacity.  
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Figure 4.42: Tensile steel strain response for specimens of group [B] strengthened 
with NSM composites 
4.3.1.6 FRP Strain Response 
The strains of the NSM composite reinforcement used in strengthening of 
specimens of group [B] are plotted against the total applied load in Figure 4.43. The 
FRP strain response comprised three stages which were pre-cracking, pre-yielding, 
and post-yielding stages. In the pre-cracking stage, the FRP reinforcement had very 
little strains as the load was fully taken by the concrete section and normally distributed 
to the supports. At the onset of cracking, the strengthened specimens featured a sudden 
increase in the FRP strain values. The initiation of cracks in the hogging region 
increased the FRP strain to a value of 1500 µɛ for specimen H-NSM-C1 and 2400 µɛ 
for specimens H-NSMC2 and H-NSM-G3. The sudden increase in the FRP strain at 
the onset of cracking occurred because the amount of the tensile steel in hogging region 
was very small, and hence, tension forces were transferred suddenly to the FRP 
reinforcement at the onset of cracking.  
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After cracking, the FRP strains increased at an almost constant rate until 
yielding of the tensile steel took place. The rate of increase of the FRP strains for all 
specimens was almost similar prior to yielding of the tensile steel. The FRP strain 
value at the onset of last yielding was approximately 7500 µɛ for specimens H-NSM-
C1 and H-NSM-C2, and 10,000 µɛ for specimen H-NSM-G3.  
Specimens H-NSM-C1, H-NSM-C2, and H-NSM-G3 reached their ultimate 
loads at FRP strain values of 11,200 µɛ, 10,700 µɛ, and 16,000 µɛ, respectively. Values 
of the FRP strain at peak load for specimens H-NSM-C1, H-NSM-C2, and H-NSM-
G3 corresponded to approximately 59%, 56% and 94% of their FRP rupture strain, 
respectively. This indicated that the NSM-CFRP strips were not ruptured at peak load 
whereas the NSM-GFRP bars were about to rupture at the onset of failure. This 
concluded that strengthening with the NSM-GFRP bars was more efficient than the 
NSM-CFRP strips because the tensile capacity of the GFRP bars was almost fully 
utilized.   
 
Figure 4.43: FRP strain response for specimens of group [B] strengthened with NSM 
composites 
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4.3.1.7 Concrete Strain Response 
Concrete strain responses for specimens of group [B] strengthened with NSM 
composites in the hogging region along with that of the control specimen H-NS are 
shown in Figure 4.44. The concrete strain was measured by means of clip gauges 
attached to the extreme compression fiber of concrete in the mid-spans and over the 
central support. In some specimens, failure of the clip gauge took place due to local 
crushing and/or cracking of concrete under the demec points of the clip before 
complete failure of the specimen.  
In general, the concrete strain response included three stages. Minimal values 
of concrete strain were observed prior to cracking. In the pre-yielding stage, the 
concrete strain increased at an almost constant rate as the load progressed until yielding 
of the tensile steel occurred. The concrete strain at the onset of yielding of the tensile 
steel was approximately 1000 µɛ for all specimens. After yielding, the specimens 
exhibited an almost plastic concrete strain response in the sagging region. For the 
hogging region, the concrete strain increased gradually after yielding until failure 
occurred. The control specimen H-NS exhibited a concrete strain value of 2250 µɛ in 
the sagging regions at failure. The strengthened specimens H-NSM-C1, H-NSM-C2, 
and H-NSM-G3 experienced maximum concrete strains in the sagging region of 1300 
µɛ, 2050 µɛ, and 4000 µɛ, respectively. Specimen H-NSM-C1 reached a strain value 
of 3370 µɛ in the hogging region at the ultimate load whereas specimen H-NSM-G3 
reached a strain value of 1400 µɛ before failure of the clip gauge in the hogging region. 
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Figure 4.44: Concrete strain response for specimens of group [B] strengthened with 
NSM composites 
4.3.1.8 Support Reactions 
Curves of the total applied load versus the middle and end support reactions 
for specimens of group [B] strengthened with NSM composites and for the control 
specimen H-NS are shown in Figure 4.45. The middle support reactions were obtained 
by means of a load cell placed between the middle support and the bottom soffit of the 
specimen whereas the end support reactions were calculated based on satisfying 
equilibrium of forces using the measured total applied load and the measured middle 
support reactions. The reactions obtained from the elastic analysis (Figure 4.15) 
assuming uniform flexural stiffness along the slab spans are also plotted in Figure 4.45.  
In the pre-cracking stage, the middle and end support reactions for all 
specimens were almost equal to the elastic reactions. After initiations of flexural 
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than the elastic reaction whereas the end support reactions tended to be higher. The 
deviation of the middle and end support reactions of the control specimen H-NS from 
the elastic reactions further increased after yielding of the tensile steel in the hogging 
region. The reduced amount of the tensile steel in the hogging region of specimen H-
NS decreased the middle support reactions and increased in the end support reactions. 
This also occurred because the sagging regions were sufficiently reinforced with 
tensile steel. The reduced steel in the hogging region increased the rate of propagation 
and growth of flexural cracks in it, which reduced the flexural stiffness of the hogging 
region, and hence reduced the middle support reactions and increased the load 
transferred to the end supports.  
The strengthened specimens had lower end support reactions and higher 
middle support reactions than those of specimen H-NS. This caused the response of 
the strengthened specimens to almost coincide with the elastic response. The end 
support reactions tended to decrease and the middle support reactions tended to 
increase as the amount of NSM-FRP reinforcement increased. At the onset of yielding 
of the tensile steel in the sagging region (i.e. last yielding) of the strengthened 
specimens, the middle support reactions started to increase and the end support 
reactions started to decrease. This occurred because yielding of the tensile steel in the 
sagging region increased the loads transferred to the middle support and decreased the 
loads transferred to the end supports.  
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Figure 4.45: Total applied load versus support reactions for specimens of group 
[B] strengthened with NSM composites 
4.3.1.9 Moment-Deflection Response 
Figure 4.46 presents the moment-deflection response for specimens of group 
[B] strengthened with NSM composites together with that of the control specimen H-
NS. The sagging and hogging moments were calculated from the measured total 
applied load and measured middle support reactions from experiments using Eq. 4.2 
and Eq. 4.3, respectively. Table 4.13 shows the sagging and hogging moment values 
at the last yielding and at ultimate load for the control specimen H-NS and for the 
specimens strengthened with NSM composites. The moment enhancement ratios, 
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region with different NSM composites. The slope of the moment-deflection response 
of the strengthened specimens was steeper than that of the control specimen. For 
instance, at a deflection value of 10 mm, the hogging moment for the control specimen 
H-NS was 11.7 kN.m whereas for the strengthened specimens H-NSM-C1, H-NSM-
C2, and H-NSM-G3, the hogging moments were 17.7 kN.m, 20.4 kN.m, and 23.3 
kN.m, respectively.
The control specimen H-NS exhibited yielding and ultimate moment values in 
the hogging region lower than those of the sagging region. This occurred because of 
the reduced amount of the tensile steel in the hogging region relative to that of the 
sagging region. It is interesting to note that the yielding sagging moments of all 
specimens were almost equal. Similarly, the ultimate sagging moments were 
insignificantly different. This occurred because all specimens had the same amount of 
steel reinforcement in the sagging region without strengthening. On the contrary, the 
yielding and ultimate moments in the hogging region of the strengthened specimens 
were different because they had different amounts of FRP reinforcement in the 
hogging region.  
Table 4.13 shows that the strengthening with one and two NSM-CFRP strips 
increased the yielding moment in the hogging region by 63% and 79% and the ultimate 
moment by 74% and 91%, respectively. The use of three GFRP bars in the hogging 
region increased the hogging yielding and ultimate moments by more than two-fold. 
The hogging moment enhancement ratios for specimen H-NSM-G3 at yielding and 
ultimate were 2.25 and 2.43, respectively.  
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Figure 4.46: Moment-deflection response for specimens of group [B] strengthened 
with NSM composites 
Table 4.13: Moments from experiments for specimens of group [B] strengthened 
with NSM composites 
Specimen 
designation 
My (kN.m) Mu (kN.m) 
Hogging moment 
enhancement ratio 
Sagging Hogging Sagging Hogging h,y
a 
h,u
b 
H-NS 19.3 11.2 19.7 13.7 1.00 1.00 
H-NSM-C1 17.9 18.3 18.3 23.8 1.63 1.74 
H-NSM-C2 20.6 20.0 21.1 26.1 1.79 1.91 
H-NSM-G3 18.9 25.2 20.1 33.3 2.25 2.43 
a Hogging yielding moment enhancement ratio relative to that of the control specimen H-NS 
b Hogging ultimate moment enhancement ratio relative to that of the control specimen H-NS 
4.3.1.10 Load-Moment Relationship 
Figure 4.47 shows the total applied load plotted against the sagging and 
hogging bending moments for specimens of group [B] strengthened with NSM 
composite reinforcement and for the control specimen H-NS. The bending moments 
were calculated based on satisfying the equilibrium conditions using the measured 
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total applied loads and measured middle support reactions. The sagging and hogging 
bending moments obtained from the elastic analysis are also shown in the figure.  
The response of all specimens, except that of specimen H-NSM-C1, was 
almost elastic in the pre-cracking stage. After cracking, the sagging and hogging 
bending moments diverged from the elastic response. Specimen H-NS exhibited 
sagging moments higher than the elastic moments and hogging moments lower than 
the elastic moments. After yielding of the tensile steel in the hogging region, the 
bending moments of the control specimen H-NS further deviated from the elastic 
moments. The hogging moments of the strengthened specimens were higher than those 
of the control specimen H-NS whereas the sagging moments were lower. This 
occurred because of strengthening of the hogging region with NSM-FRP 
reinforcement which controlled growth and propagation of cracks in the hogging 
region. The response of specimens H-NSM-C1 and H-NSM-C2 almost coincided with 
the elastic response. Specimen H-NSM-G3 exhibited sagging moments lower than the 
elastic moments and hogging moments higher than the elastic moments. This indicated 
that strengthening with three NSM-GFRP bars was very effective in controlling crack 
growth and propagation in the hogging region which increased the hogging moments 
of specimen H-NSM-G3 to values even higher than the elastic ones. A decrease in the 
sagging moments and an increase in the hogging moments were observed after 
yielding of the tensile steel in the sagging region of the strengthened specimens H-
NSM-C1, H-NSM-C2, and H-NSM-G3. The trends of the load-moment deflection 
responses depicted in Figure 4.47 are consistent with the trends of the load versus 
support reactions given in Figure 4.45.  
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Figure 4.47: Load-moment relationships for specimens of group [B] strengthened 
with NSM composites 
4.3.1.11 Moment Redistribution 
The moment redistribution ratios calculated at the last yielding load, β
y
, are 
given in Table 4.14 whereas the moment redistribution ratios calculated at the peak 
load, β
p
, are given in Table 4.15. Positive moment redistribution values are indicative 
of moment gain whereas negative values are indicative of moment loss with respect to 
those of the corresponding elastic moments. 
Table 4.14 shows that all specimens, except specimen H-NSM-G3, exhibited 
positive moment redistribution values for the sagging region at the last yielding and 
negative moment redistribution values for the hogging region. On the contrary, 
specimen H-NSM-G3 experienced negative moment redistribution values in the 
sagging region and positive redistribution values in the hogging region. The control 
specimen H-NS exhibited the highest moment redistribution values at the last yielding 
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of 18.9% and -30.9% in the sagging and hogging regions, respectively. Strengthening 
with one and two NSM-CFRP strips in specimens H-NSM-C1 and H-NSM-C2 
reduced the moment redistribution values in the sagging region at the last yielding 
from 18.9% to an average of 4.3% and increased the moment redistribution values in 
the hogging region from -30.9% to an average of -6.7%. Specimen H-NSM-G3 
exhibited moment redistribution values at the last yielding of -3.4% and 5.6% in the 
sagging and hogging regions, respectively.  
The moment redistribution values at peak load of the control specimen H-NS 
were almost equal to the values at the last yielding. Moment redistribution values of 
the strengthened specimens at peak load given in Table 4.15 demonstrated that the 
sagging regions lost moments and the hogging region gained moments. Specimen H-
NSM-C1 and H-NSM-C2 experienced insignificant redistribution values in the 
sagging region of -3.2% and -0.9%, respectively, whereas the hogging region moment 
redistribution values were 5.3% and 2%, respectively. Among the strengthened 
specimens, specimen H-NSM-G3 exhibited the highest moment redistribution value 
of -12.6% in the sagging region and 20.7% in the hogging region. This confirmed that 
strengthening with three NSM-GFRP bars in the hogging region significantly 
improved the flexural stiffness in the hogging region and effectively substituted the 
missing tensile steel volumes which was also in agreement with the results presented 
in Figure 4.47 presented in the section 4.3.1.10.  
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Table 4.14: Moment redistribution ratios at the last yielding load for specimens of 
group [B] strengthened with NSM composites 
Specimen 
designation 
Moment from 
experiments 
Elastic moment βy % 
Msy,exp 
(kN.m) 
Mhy,exp 
(kN.m) 
Msy,e 
(kN.m) 
Mhy,e 
(kN.m) 
Sagging Hogging 
H-NS 18.9 13.2 15.9 19.1 18.9 - 30.9 
H-NSM-C1 17.9 19.7 17.3 20.8 3.5 - 5.3 
H-NSM-C2 18.5 19.4 17.6 21.1 5.1 - 8.1 
H-NSM-G3 17.3 22.7 17.9 21.5 - 3.4 5.6 
 
Table 4.15: Moment redistribution ratios at peak load for specimens of group [B] 
strengthened with NSM composites 
Specimen 
designation 
Moment from 
experiments 
Elastic moment βp % 
Msp,exp 
(kN.m) 
Mhp,exp 
(kN.m) 
Msp,e 
(kN.m) 
Mhp,e 
(kN.m) 
Sagging Hogging 
H-NS 19.7 13.7 16.6 19.9 18.7 - 31.2 
H-NSM-C1 18.3 23.8 18.9 22.6 - 3.2 5.3 
H-NSM-C2 21.1 26.1 21.3 25.6 - 0.9 2.0 
H-NSM-G3 20.1 33.3 23.0 27.6 -12.6 20.7 
 
4.3.2 Specimens Strengthened with EB Composites 
Two CFRP sheets were used to strengthen the deficient hogging region of 
specimens H-EB-C2 and H-EB-C2A whereas specimens H-EB-C4 and H-EB-C4A 
were strengthened with four EB-CFRP sheets. Specimens H-EB-C2A and H-EB-C4A 
included mechanical anchorages installed along the length of the CFRP sheets at a 
spacing of 175 mm. The EB-CFRP sheets had a length of 1200 mm and were placed 
symmetrically around the middle support.  
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4.3.2.1 Load Capacity 
Table 4.16 shows the cracking, yielding, and ultimate loads for specimens of 
group [B] strengthened with EB composite system along with those of the control 
specimen H-NS. The load capacity enhancement ratio, , was calculated for the 
strengthened specimens with respect to that of the control specimen. The cracking and 
yielding load values were obtained from the tensile steel strain response given in 
section 4.3.2.5. The strain gauge attached to the tensile steel in the hogging region of 
specimen H-EB-C4 malfunctioned during casting, thus, the moment-deflection 
response given in section 4.3.2.9 was used to obtain its cracking and yielding loads.  
Table 4.16: Load capacity for specimens of group [B] strengthened with EB 
composites 
Specimen 
designation 
Pcr (kN) Py (kN) Pu 
(kN) 
a 
Sagging Hogging Sagging Hogging 
H-NS 18.6 9.4 113.2 76.1 118.0 1.00 
H-EB-C2 38.2 41.1 128.9 102.2 144.8 1.23 
H-EB-C4 23.0 46.2 140.3 105.3 152.5 1.29 
H-EB-C2A 18.5 40.2 129.6 108.2 151.6 1.28 
H-EB-C4A 21.0 44.5 148.6 109.3 159.1 1.35 
a Load capacity enhancement ratio with respect to that of the control unstrengthened specimen H-NS 
As mentioned previously, the control specimen H-NS experienced concrete 
cracking in the hogging region first then in the sagging region at load values of 9.4 kN 
and 18.6 kN, respectively. Yielding of the tensile steel occurred at a load value of 76.1 
kN in the hogging region then in the sagging region at 113.2 kN. The control specimen 
H-NS reached its ultimate load at a value of 118 kN.  
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The strengthened specimens exhibited flexural cracks in the sagging region at 
load values similar to that of the control specimen except specimen H-EB-C2 which 
had sagging concrete cracking at a load value of 38.2 kN. The cracking loads of the 
strengthened specimens in the hogging region were significantly higher than that of 
the control specimen. The application of EB-CFRP composites in the hogging region 
increased both the yielding and ultimate loads. Strengthening with two and four EB-
CFRP sheets in specimens H-EB-C2 and H-EB-C4 increased the yielding load of the 
sagging region by 14% and 24%anf the yielding load of the hogging region by 34% 
and 38%, respectively. The yielding loads of specimens H-EB-C2A and H-EB-C4A 
were insignificantly different from those of their counterparts H-EB-C2 and H-EB-C4, 
respectively.  
Specimen H-EB-C2 reached an ultimate load of 144.8 kN which corresponded 
to an enhancement in the load capacity of 23% with respect to that of the control 
specimen H-NS. Increasing the amount of EB-CFRP sheets from two to four in 
specimen H-EB-C4 rose the ultimate load to a value of 152.5 kN which corresponded 
to 29% strength gain with respect to that of the control specimen. The presence of 
mechanical anchorages resulted in a slight increase in the ultimate loads of specimens 
H-EB-C2A and H-EB-C4A by 5% and 4%, respectively, over those of their 
counterpart specimens H-EB-C2 and H-EB-C4, respectively. The strength gains 
recorded in specimens H- EB-C2A and H-EB-C4A were 28% and 35%, respectively, 
compared with the load capacity of the control specimen H-NS.  
4.3.2.2 Failure Mode 
Specimen H-EB-C2 exhibited flexural cracks in the sagging and hogging 
regions almost simultaneously. Continuous loading led to yielding of the tensile steel 
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in the hogging followed by yielding of the tensile steel in the sagging region. As the 
load progressed, sudden delamination of the CFRP sheets took place without crushing 
of concrete in the hogging region. Immediately after debonding of the CFRP sheets, 
concrete crushing took place in the sagging region. Photos of specimen H-EB-C2 at 
failure are shown in Figure 4.48.  
  
East sagging region Hogging region 
 
Figure 4.48: Photos of specimen H-EB-C2 at failure 
Specimen H-EB-C4 failed in a similar manner as that of specimen H-EB-C2. 
The specimen exhibited flexural cracks in sagging region then in the hogging region. 
After cracking, yielding of the tensile steel occurred in the hogging region then shortly 
after that, yielding of the tensile steel in the sagging region took place. Further increase 
in the load led to sudden debonding of the CFRP sheets in the hogging region followed 
by concrete crushing in the sagging region. No concrete crushing was observed in the 
hogging region. Photos of specimen H-EB-C4 at failure are shown in Figure 4.49.  
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West sagging region Hogging region 
 
Figure 4.49: Photos of specimen H-EB-C4 at failure 
Specimen H-EB-C2A failed in a flexural mode of failure. Flexural cracks 
initiated in the sagging region then in the hogging region. As the load continued, 
yielding of the tensile steel took place in the hogging region followed shortly by 
yielding of the tensile steel in the sagging region. Progressive loading led to concrete 
crushing. Local debonding of CFRP sheets was observed over the middle support. 
Photos of specimen H-EB-C2A at failure are shown in Figure 4.50. 
The flexural mode of failure was the dominant failure mode for specimen H-
EB-C4A. Flexural cracks initiated in the sagging region then in the hogging region. 
Continuous loading led to yielding of the tensile steel in the hogging region then in the 
sagging region. As the loading progressed, concrete crushing occurred in the sagging 
and hogging regions without debonding of CFRP. Photos of specimen H-EB-C4A at 
failure are shown in Figure 4.51.  
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West sagging region Hogging region 
Figure 4.50: Photos of specimen H-EB-C2A at failure 
  
West sagging region Hogging region 
Figure 4.51: Photos of specimen H-EB-C4A at failure 
4.3.2.3 Deflection Response 
The load-deflection response of the control specimen H-NS is shown in 
Figure 4.37 and was previously discussed in section 4.3.1.3. The specimen exhibited 
flexural cracks at an average deflection of approximately 1.4 mm. The last yielding 
(i.e. yielding of the tensile steel in the sagging region) occurred in specimen H-NS at 
an average deflection of 14.3 mm. The specimen attained its ultimate load of 118 kN 
at an average deflection of 18.2 mm. 
The load-deflection response for specimen H-EB-C2 is shown in Figure 4.52. 
The east and west mid-spans experienced almost identical trilinear deflection response 
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throughout testing. The specimen featured a linear behavior until cracking took place 
at an average deflection of approximately 1.5 mm. After cracking, higher rate of 
increase in the mid-span deflection was observed until yielding of the tensile steel 
occurred in the hogging region at an average mid-span deflection of 7.6 mm then in 
the sagging region at an average mid-span deflection of 11.6 mm. Following last 
yielding, the deflection continued to increase at a higher rate almost linearly until 
failure of the specimen occurred by debonding of the CFRP sheets at a load value of 
144.8 kN and corresponding deflections of 18.6 mm and 20.7 mm in the east and west 
mid-spans, respectively. Debonding of the CFRP sheets accompanied by a sudden 
drop in load.  
The deflection response of specimen H-EB-C4 strengthened with four EB-
CFRP sheets in the hogging region is shown in Figure 4.53. A trilinear deflection 
response was observed during testing. Flexural cracks were initiated early at a 
deflection value of 1.9 mm in both mid-spans. After cracking, the deflection increased 
at a higher rate until yielding of the tensile steel took place in the hogging region at 
east and west mid-span deflections of 6.9 mm and 8.4 mm, respectively. After that, 
yielding of the tensile steel in the sagging region took place at east and west mid-span 
deflections of 10.2 mm and 13.8 mm, respectively. Shortly after that, the specimen 
reached it ultimate load of 152.5 kN at east and west mid-span deflections of 12.5 mm 
and 17.7 mm, respectively. Debonding of CFRP at the onset of failure resulted in a 
sudden drop in load. 
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                Figure 4.52: Load-deflection response of specimen H-EB-C2 
 
                Figure 4.53: Load-deflection response of specimen H-EB-C4 
The load-deflection response of specimen H-EB-C2A strengthened with two 
EB-CFRP sheets in the hogging region along with mechanical anchors is presented in 
Figure 4.54. The specimen had a linear behavior until cracking occurred at an average 
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deflection of 1.7 mm. Then, the deflection continued to increase in a linear fashion 
with insignificant difference between the east and west mid-span deflections. Yielding 
of the tensile steel in the hogging region took place at an average mid-span deflection 
value of 9.4 mm then followed by yielding of the tensile steel in the sagging region at 
a corresponding average mid-span deflection of 12.3 mm. In the last stage, the 
specimen exhibited a significant increase in deflection until the specimen reached its 
ultimate load of 151.6 kN at an average mid-span deflection of 26.1 mm. Installation 
of mechanical anchors prevented delamination of the CFRP sheets, and hence, allowed 
the specimen to develop its full flexural capacity.  
Figure 4.55 shows the load-deflection response for specimen H-EB-C4A. The 
specimen was strengthened with four EB-CFRP sheets with mechanical anchors 
installed along the sheets. The specimen presented a trilinear deflection response with 
insignificant variation between the east and west mid-span deflections. Flexural cracks 
initiated at an average deflection of 1.9 mm. As the load progressed, the specimen 
continued to deflect but at higher rate until yielding of the tensile steel occurred in the 
hogging region at deflections of 7.5 mm and 7.7 mm in the east and west mid-spans, 
respectively. After that, yielding of the tensile steel in the sagging region occurred at 
east and west mid-span deflections of 10.2 mm and 10.6 mm, respectively. After that, 
the specimen exhibited a considerable increase in deflection, particularly in the west 
mid-span, until it reached its ultimate load at a west mid-span deflection of 28.6 mm. 
In the post-peak stage, the specimen showed a softening branch until complete failure 
took place at a west mid-span deflection of 35.4 mm. 
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                Figure 4.54: Load-deflection response of specimen H-EB-C2A 
 
                Figure 4.55: Load-deflection response of specimen H-EB-C4A 
Figure 4.56 shows the load-deflection response of the control specimen H-NS 
and specimens of group [B] strengthened with the EB composites. The average 
between east and west mid-span deflections was adopted for the purpose of 
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comparison. Generally, it can be noticed that flexural strengthening with EB-CFRP 
system in the hogging region increased the stiffness of all strengthened specimens over 
that of specimen H-NS. The stiffness increased further as the amount of EB-CFRP 
sheets increased. The stiffness of specimens H-EB-C2A and H-EB-C4A having 
mechanical anchors were insignificantly higher than those of specimens H-EB-C2 and 
H-EB-C4, respectively, which had no anchors in the EB-CFRP system. The inclusion 
of mechanical anchors in the EB-CFRP strengthening system significantly improved 
the slab deflection capacity and ductility. This occurred because the mechanical 
anchors prevented the premature delamination of CFRP, and thus, allowed the 
specimens to develop their full flexural capacity and ductility.  
 
Figure 4.56: Load-deflection response of specimens of group [B] strengthened with 
EB composites 
4.3.2.4 Ductility Index 
The ductility index for the control specimen H-NS and for the specimens 
strengthened with EB-CFRP composites in the hogging region are shown in 
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Table 4.17. The deflection values reported in the table were taken from Figure 4.56 
which represented the average of the east and west mid-span deflections. The values 
of ∆p and ∆f  for specimens H-EB-C2 and H-EB-C4 were equal because their deflection 
response did not have a softening branch. The ductility index of specimen H-EB-C2 
was approximately 13% higher than that of the control specimen H-NS whereas for 
specimen H-EB-C4, the ductility index was approximately 20% lower. Specimens H-
EB-C2A and H-EB-C4A exhibited ductility indices that were 57% and 24% higher 
than that of the control specimen H-NS, respectively. In the absence of mechanical 
anchors, the ductility index decreased by approximately 31% with an increase in the 
amount of the EB-CFRP composites from two to four sheets. For the specimens with 
mechanical anchorage, increasing the amount of EB-CFRP sheets decreased the 
ductility index by approximately 21%. For the specimens with the lower amount of 
EB-CFRP reinforcement (two CFRP sheets), the presence of mechanical anchors 
increased the ductility index by 39%. The presence of mechanical anchors had more 
pronounced effect on improving the ductility index for the specimens with the higher 
amount of EB-CFRP reinforcement where it resulted in 59% increase in the ductility 
index.  
Table 4.17: Deflection and ductility indices for specimens of group [B] strengthened 
with EB composites 
Specimen 
designation 
∆y 
(mm) 
∆p 
(mm) 
∆f 
(mm) 
μ DIRa 
H-NS 14.0 18.2 22.5 1.61 1.00 
H-EB-C2 10.8 19.7 19.7 1.82 1.13 
H-EB-C4 12.0 15.1 15.1 1.26 0.78 
H-EB-C2A 11.9 26.1 30.1 2.53 1.57 
H-EB-C4A 12.5 21.8 25.0 2.00 1.24 
a DIR = ductility index ratio with respect to that of the control specimen H-NS 
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4.3.2.5 Tensile Steel Strain Response 
Figure 4.57 shows the tensile steel strain response for the control specimen H-
NS and for specimens of group [B] strengthened with EB-CFRP composites in the 
hogging region. The tensile steel strain was captured by means of strain gauges bonded 
to the tensile steel in both sagging and hogging regions. The strains in the hogging 
tensile steel in specimens H-NS and H-EB-C4 were not recorded to malfunction of 
strain gauge prior to testing.  
The specimens exhibited an almost tri-linear tensile steel strain response. In the 
pre-cracking stage, the steel exhibited no or minimal strains until initiation of flexural 
cracks. In the pre-yielding stage, the strains in the tensile steel increased at an almost 
constant rate until yielding took place. In the third stage, the steel strain in the sagging 
region showed almost a perfectly plastic response where strains in the tensile steel 
increased significantly with no or minimal increase in the applied load. However, the 
strains of the tensile steel in the hogging region increased gradually as the load 
progressed after yielding but at a rate than that recorded in the pre-yielding stage until 
failure of the strain gauge occurred. From the figure, it can be noted that flexural 
strengthening with the EB-CFRP sheets delayed yielding of the tensile steel and thus, 
increased the load capacity.  
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Figure 4.57: Tensile steel strain response for specimens of group [B] strengthened 
with EB composites 
4.3.2.6 FRP Strain Response 
The FRP strain response for specimens of group [B] strengthened with EB-
CFRP in the hogging region is shown in Figure 4.58. The specimens featured none or 
minimal strain preceding flexural cracking. A sudden increase in the strain to a value 
of approximately 2000 µɛ was noted at the onset of cracking for all strengthened 
specimens. After that, the FRP strains increased at an almost constant rate up to the 
second change in slope where yielding of the tensile steel occurred. In the post-yielding 
stage, the FRP strains continued to increase at a higher rate until failure of the specimen 
took place. Increasing the number of CFRP sheets from two to four in specimen H-
EB-C4A reduced the rate of increase of the FRP strains relative to that of specimen H-
EB-C2A with two EB-CFRP sheets. The rate of increase of the FRP strain for 
specimens H-EB-C2 and H-EB-C4 in the pre-yielding stage was insignificantly 
different. However, specimen H-EB-C4 exhibited less rate of increase of FRP strain 
in the post-yielding stage compared with that exhibited by specimen H-EB-C2. Thus, 
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specimens H-EB-C4 and H-EB-C4A exhibited higher load capacities than those of 
specimens H-EB-C2 and H-EB-C2A.  
The FRP strain at peak load for the strengthened specimens were 7400 µɛ, 8100 
µɛ, 12600 µɛ, and 7400 µɛ for specimens H-EB-C2, H-EB-C4, H-EB-C2A, and H-EB-
C4A, respectively. The values of FRP strain at peak load for specimens H-EB-C2, H-
EB-C4, H-EB-C2A, and H-EB-C4A resembled 49%, 54%, 84%, and 49% of FRP 
rupture strain, respectively. This validates that none of the specimens failed by rupture 
of the CFRP sheets. The presence of the mechanical anchorages prevented the 
premature delamination of the CFRP sheets, and hence, increased the FRP strain at 
peak load. Henceforth, using two EB-CFRP sheet along with mechanical anchors 
proved to be the most efficient EB-CFRP system because of the better utilization of 
FRP material properties.  
 
Figure 4.58: FRP strain response for specimens of group [B] strengthened with EB 
composites 
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4.3.2.7 Concrete Strain Response 
The concrete strain response for specimens of group [B] strengthened with EB-
CFRP composites together with that of the control specimen H-NS are shown in 
Figure 4.59. Specimens H-NS and H-EB-C4A experienced failure of the clip gauge at 
early stages during testing in the hogging region, hence, the concrete strain was not 
captured. The clip gauge in some specimens failed after yielding of the tensile steel 
possibly due to local concrete crushing and/or cracking under the demec points of the 
clip gauge.  
In general, three stages of concrete strain are featured in the concrete response 
for all specimens. In the pre-cracking phase, the specimens exhibited insignificant 
concrete strain until initiation of flexural cracks. After cracking, the concrete strain 
increased at an almost constant rate as the load progressed until yielding of the tensile 
steel took place. Strengthening with EB composites delayed the yielding of steel, 
hence, increased the load capacity. The concrete strain at the onset of yielding in the 
sagging region was in the range of 650 µɛ to 1400 µɛ with an average of 1000 µɛ. 
Similarly, the concrete strain at the onset of yielding in the hogging region was in the 
range of 600 µɛ to 1400 µɛ with an average of 1000 µɛ.  
Generally, strengthening with EB-CFRP composites reduced the rate of 
increase of concrete strains. Specimen H-EB-C2 strengthened with two EB-CFRP 
sheets in the hogging region attained its peak load at a concrete strain of 1550 µɛ in 
the sagging region. Specimen H-EB-C4 strengthened with two EB-CFRP sheets in the 
hogging region attained its peak load of 152.5 kN at a corresponding concrete strain 
of 1050 µɛ in the sagging region and 1800 µɛ in the hogging region. Application of 
mechanical anchors along the EB-CFRP sheets in specimen H-EB-C2A prevented 
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sudden delamination of the EB-CFRP sheets and hence, allowed the specimen to 
sustain greater concrete strains prior to failure compared with those of their counterpart 
specimen H-EB-C2. Specimen H-EB-C2A exhibited concrete strain of 4000 µɛ in the 
sagging region and 1400 µɛ in the hogging region prior to failure of the clip gauge. 
 
Figure 4.59: Concrete strain response for specimens of group [B] strengthened with 
EB composites 
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specimen H-NS had lower middle support reactions than the elastic reactions whereas 
the end support reactions were higher. This can be attributed to the reduced amount of 
tensile steel in the hogging region of the control specimen H-NS. All strengthened 
specimens presented higher middle support reactions than those of the control 
specimen H-NS. The strengthened specimens showed also lower end support reactions 
than those of specimen H-NS. The reactions of the strengthened specimens from 
experiments almost coincided with those of the elastic response. This indicated that 
strengthening with the EB composites improved the flexural stiffness of the hogging 
region, and hence, more loads were transferred to the middle support.  
At the onset of last yielding of the tensile steel which took place in the sagging 
region, the middle support reactions tended to increase whereas the end support 
reactions tended to decrease. The amount of the EB-CFRP sheets and the presence of 
mechanical anchors in the strengthened specimens had almost no effect on the middle 
and end support reactions. 
 
Figure 4.60: Total applied load versus middle and end support reactions for 
specimens of group [B] strengthened with EB composites 
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4.3.2.9 Moment-Deflection Response 
Figure 4.61 presents the bending moments of the sagging and hogging regions 
for specimens of group [B] strengthened with EB composites drawn against the 
average mid-span deflection. The moment-deflection response of the control 
unstrengthened specimen H-NS is also plotted in the figure for the purpose of 
comparison.  
Table 4.18 presents the yielding and ultimate bending moments attained from 
experiments for specimens of group [B] strengthened with EB-CFRP composites. The 
values for the control specimen H-NS is also included for the purpose of comparison. 
The hogging moment enhancement ratios, 
h,y
 and 
h,u
, at the yielding load and at the 
ultimate load, respectively, were calculated for all specimens with respect to the 
hogging moments of the control specimen H-NS. 
In general, the sagging bending moment response was similar for all specimens 
because the specimens had equal amount of tensile steel reinforcement in the sagging 
regions without strengthening. However, the bending moments in the hogging region 
increased by using the EB composites. From this figure, it can be seen that the control 
specimen H-NS exhibited the lowest hogging moment values. The application of two 
EB-CFRP sheets increased the slope of the hogging moment-deflection response and 
also increased the yielding and ultimate moments in the hogging region. Increasing the 
number of EB-CFRP sheets from two to four further increased the slope of the 
moment-deflection response and also increased the yielding and ultimate moments in 
the hogging region. At a given deflection of 10 mm, the hogging moments for 
specimens H-NS, H-EB-C2, H-EB-C4, H-EB-C3A, and H-EB-C4A were 11.7, 19.8, 
20.9, 19.2, and 24.7 kN.m, respectively. Although the presence of mechanical anchors 
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had no effect on the slope of the hogging moment-deflection response in the pre-
yielding phase, it increased the moment capacity in the hogging region.  
From Table 4.18, it is notable that the sagging yielding and ultimate moments 
for all specimens were almost the same at with average value of 19 kN.m at yielding 
and 21 kN.m at ultimate. This occurred because all specimens had identical geometry 
and amount of tensile steel in the sagging regions. The hogging region had reduced 
amount of internal steel and different amounts of EB composites. Strengthening with 
two EB-CFRP sheets increased the yielding hogging moment by approximately 60%, 
on average, for specimens H-EB-C2 and H-EB-C2A and by approximately 88%, on 
average, for specimens H-EB-C4 and H-EB-C4A.  
The strengthened specimens exhibited higher ultimate hogging moments than 
that of the control specimen H-NS. Specimens H-EB-C2 and H-EB-C2A experienced 
an increase of 69% and 86%, respectively, in the ultimate hogging moment compared 
with that of the control specimen H-NS. Increasing the amount of EB-CFRP sheets 
from two to four in specimens H-EB-C4 and H-EB-C4A further increased the ultimate 
hogging moments to values 86% and 110% higher than that of the control specimen 
H-NS. It should be noted that the ultimate hogging moments of specimens H-EB-C2A 
and H-EB-C4A with mechanical anchors were approximately 10% higher than those 
of specimens H-EB-C2 and H-EB-C4 that had no anchors in the EB-CFRP system. 
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Figure 4.61: Moment-deflection response for specimens of group [B] strengthened 
with EB composites 
 
Table 4.18: Hogging moment enhancement ratios for specimens of group [B] 
strengthened with EB composites 
Specimen 
designation 
My (kN.m) Mu (kN.m) 
Hogging moment 
enhancement ratio 
Sagging Hogging Sagging Hogging h,y
a 
h,u
b 
H-NS 19.3 11.2 19.7 13.7 1.00 1.00 
H-EB-C2 18.8 17.4 20.8 23.2 1.55 1.69 
H-EB-C4 20.0 20.9 21.4 25.9 1.87 1.89 
H-EB-C2A 18.8 18.3 21.3 25.5 1.63 1.86 
H-EB-C4A 18.3 21.1 21.4 28.8 1.88 2.10 
a Hogging yielding moment enhancement ratio relative to that of the control specimen H-NS 
b Hogging ultimate moment enhancement ratio relative to that of the control specimen H-NS 
4.3.2.10 Load-Moment Relationship 
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Figure 4.62. The response of the control specimen H-NS and also the elastic response 
are added for the purpose of comparison.  
The control specimen H-NS exhibited higher sagging moments and hogging 
moment than those obtained from the elastic analysis. The response of all strengthened 
specimens, except H-EB-C4A, almost coincided with the elastic response. It is 
interesting to note that specimen H-EB-C4A featured slightly lower sagging moments 
than the elastic moments and higher hogging moments than the elastic moments. This 
indicated that the use of higher amounts of EB-CFRP sheets along with mechanical 
anchors was effective in improving the flexural stiffness of the deficient hogging 
region. After the occurrence of the last yielding in the strengthened specimens, which 
took place in the sagging region, the sagging moments started to decrease and the 
hogging moments started to increase until the specimens reached their ultimate loads.  
 
 Figure 4.62: Load-moment relationships for specimens of group [B] strengthened 
with EB composites 
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4.3.2.11 Moment Redistribution 
The sagging and hogging moment redistribution ratios calculated at the last 
yielding load, β
y
, and at the peak load, β
p
, are presented in Tables 4.19 and 4.20, 
respectively. From the tables, it is noticed that the sagging region of all specimens, 
except that of specimen H-EB-C4A, exhibited positive moment redistribution values 
whereas the hogging region experienced negative values. In general, positive moment 
redistribution values indicate gain of moment while negative values indicate moment 
loss.  
The control specimen H-NS the highest moment redistribution values at both 
yielding and ultimate loads in the sagging and hogging regions. It is noted that 
strengthening with EB composites significantly reduced the sagging and hogging 
redistribution values at the last yielding and at the ultimate load. The strengthened 
specimens, except specimen H-EB-C4A, exhibited negligible moment redistribution 
between the sagging and hogging regions at ultimate load. Specimen H-EB-C4A 
experienced moment redistribution values of -4.5% and 7.1% at ultimate load in the 
sagging and hogging regions, respectively.  
Table 4.19: Moment redistribution ratios at the last yield load for specimens of group 
[B] strengthened with EB composites 
Specimen 
designation 
Moment from 
experiment 
Elastic moment βy % 
Msy,exp 
(kN.m) 
Mhy,exp 
(kN.m) 
Msy,e 
(kN.m) 
Mhy,e 
(kN.m) 
Sagging Hogging 
H-NS 18.9 13.2 15.9 19.1 18.9 - 30.9 
H-EB-C2 18.7 20.2 18.1 21.8 3.3 - 7.3 
H-EB-C4 20.0 23.1 19.7 23.7 1.5 - 2.5 
H-EB-C2A 18.8 20.8 18.2 21.9 3.3 - 5.0 
H-EB-C4A 18.3 24.2 19.0 22.8 - 3.7 6.1 
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Table 4.20: Moment redistribution ratios at peak load for specimens of group [B] 
strengthened with EB composites 
Specimen 
designation 
Moment from 
experiment 
Elastic moment βp % 
Msy,exp 
(kN.m) 
Mhy,exp 
(kN.m) 
Msy,e 
(kN.m) 
Mhy,e 
(kN.m) 
Sagging Hogging 
H-NS 19.7 13.7 16.6 19.9 18.7 - 31.2 
H-EB-C2 20.8 23.2 20.2 24.3 3.0 - 4.5 
H-EB-C4 21.4 25.9 21.4 25.7 0.0 0.8 
H-EB-C2A 21.4 25.5 21.3 25.6 0.5 -0.4 
H-EB-C4A 21.4 28.8 22.4 26.9 - 4.5 7.1 
 
4.4 Comparative Analysis of Test Results 
The load capacities of specimens of group [A] having a deficiency in the 
sagging regions are compared in Figure 4.63 to those of specimens of group [B] with 
the same deficiency but in the hogging region. The percent flexural strength gain 
caused by strengthening for all specimens are shown in Figure 4.64. 
4.4.1 Effect of Location of Structural Deficiency 
From Figure 4.63, it can be seen that the flexural load capacities of all 
specimens with the deficiency in the sagging region, expect that of the specimen 
strengthened with four EB-CFRP sheets without anchors, were lower than those of 
their counterparts having the same deficiency but in the hogging region. The load 
capacity of the specimens that were strengthened with four EB-CFRP sheets without 
anchors were almost equal. This indicated that the presence of a structural deficiency 
in the sagging region than in the hogging region would have a more pronounced effect 
on the load capacity of continuous RC slab strips.        
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The load capacity of the control specimen having the deficiency in the sagging 
region was approximately 22% lower than that of its counterpart with the same 
deficiency but in the hogging region. The effect of varying the location of the 
deficiency between the sagging and hogging regions on the load capacity was less 
significant for the strengthened specimens. The load capacity of the strengthened 
specimens deficient in the sagging region was, on average, 10% lower than that of 
their counterparts deficient in the hogging region. The location of the deficiency had 
less pronounced effect on the specimens heavily strengthened in the deficient region 
with three NSM-GFRP bars or four EB-CFRP strips were insignificantly different.   
From Figure 4.64, it is evident that specimens of group [A] with the deficiency 
in the sagging region exhibited higher strength gains than those exhibited by their 
counterparts from group [B] deficient in the hogging region. Specimens of group [A] 
strengthened with the NSM-FRP reinforcement featured strength gains in the range of 
29% to 67% whereas their counterparts from group [B] exhibited strength gains in the 
range of 14% to 39%. Similarly, the increase in the load capacity due to strengthening 
with the EB-CFRP sheets was in the range of 45% to 69% for specimens of group [A] 
and in the range of 23% to 44% for specimens of group [B]. This indicated that the 
FRP strengthening had more pronounced effect on increasing the load capacity of RC 
slab strips deficient in the sagging region than in the hogging region. 
4.4.2 Effect of Amount of FRP Reinforcement 
From Figure 4.64, it is evident that increasing the amount of FRP reinforcement 
increased the percent strength gain. For specimens of group [A] strengthened with the 
NSM system, doubling the amount of NSM-CFRP strips increased the strength gain 
by approximately 55% (the strength gain increased from 29% to 45%). Flexural 
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strengthening with one NSM-CFRP strip in the hogging region did not result in a 
significant increase in the load capacity (only 14% strength gain was recorded). 
Increasing the amount of the NSM-CFRP reinforcement from one to two strips 
increased the load capacity from 14% to 29%.         
Doubling the amount of EB-CFRP sheets increased the strength gain of 
specimens of group [A] by 47%, on average, (strength gain increased from 45% to 
69% for the specimens having EB-CFRP without anchors and from 44% to 62% for 
the specimens having EB-CFRP with anchors). The effect of increasing the amount of 
the EB-CFRP reinforcement on the load capacity was less significant for specimens of 
group [B] where doubling the amount of the EB-CFRP reinforcement increased the 
strength gain by approximately 25%. 
4.4.3 Effect of Presence of Mechanical Anchors 
From Figure 4.64, it can be seen that the inclusion of mechanical anchors had 
an almost no effect on the strength gain of specimens of group [A] strengthened with 
EB-CFRP sheets in the deficient sagging regions. This occurred because the mode of 
failure of these specimens was not dominated by debonding of the EB-CFRP sheets. 
For specimens of group [B] strengthened in the hogging region, the inclusion of 
mechanical anchors in the EB-CFRP system increased the strength gain by 
approximately 21% (strength gain increased from 23% to 28% for the specimens with 
two EB-CFRP sheets and from 29% to 35% for the specimens with four EB-CFRP 
sheets). This occurred because specimens of group [B] strengthened with EB-CFRP 
sheets without anchors failed by debonding of the EB-CFRP sheets. The inclusion of 
the mechanical anchors prevented the premature CFRP debonding, allowed the slab 
strip to develop its full flexural capacity, and hence, increased the flexural strength 
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gain. This indicated that the inclusion of mechanical anchors in the EB-CFRP system 
had more pronounced effect on the load capacity of RC slab strips strengthened in the 
hogging region than in the sagging region.   
 
 Figure 4.63: Load capacity of test specimens 
 
 Figure 4.64: Strength gain due to strengthening 
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4.5 FRP Material Efficiency Factor 
Equations 4.5 to 4.6 have been used to calculate the material efficiency factor 
(EF) for each strengthening scheme where Pextra = extra load capacity caused by 
strengthening, Tsf = tensile strength of all FRP reinforcement used in strengthening, Aft 
= cross sectional area of all FRP reinforcement used in strengthening, and ffr = rupture 
strength of FRP reinforcement. The material efficiency factor adapted in the present 
study can be further developed in future studies to estimate the efficiency of the 
strengthening schemes.  
 









sf
extra
T
P
EF 100  
Eq. 4.5 
 
frftsf fAT   Eq. 4.6 
The material efficiency factor for the strengthening schemes adopted in the 
present study are compared in Table 4.21. For the specimens with the deficiency in the 
sagging regions, schemes EB-C2 and EB-C2A with the lower amount of two EB-
CFRP sheets had the highest material efficiency factors followed by scheme NSM-G3 
with three NSM-GFRP bars. The material efficiency factors of schemes NSM-C1, EB-
C4, and EB-C4A were insignificantly different when used in the sagging regions. 
Scheme NSM-C2, with the higher amount of two NSM-CFRP strips, had the lowest 
material efficiency factor when used in the sagging region. Although scheme NSM-
C1 had half of the amount of the NSM-CFRP reinforcement used in scheme NSM-C2, 
its material efficiency factor was approximately 28% higher. This occurred because 
failure of the specimens strengthened in the sagging regions was controlled by concrete 
crushing rather than CFRP rupture, and hence, the added amount of the NSM-CFRP 
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reinforcement was not efficiently utilized. It can also be seen that the EB-CFRP 
schemes with and without mechanical anchors had an almost equal material efficiency 
factors when used in the sagging regions.   
For the specimens with the deficiency in the hogging region, scheme EB-C2A 
with two EB-CFRP sheets and mechanical anchors had the highest material efficiency 
factor followed by scheme NSM-G3 with three NSM-GFRP bars. Scheme EB-C4, 
with the higher amount of four EB-CFRP strips without anchors, had the lowest 
material efficiency factor when used in the hogging region. For the specimens deficient 
in the hogging region, the material efficiency factors of schemes NSM-C1, NSM-C2, 
and EB-C4A were insignificantly higher than that of scheme EB-C4. Among the 
NSM-FRP schemes used in the hogging region, scheme NSM-G3 with three NSM-
GFRP bars had the highest material efficiency factor. For the specimens deficient in 
the hogging region, the material efficiency factors of schemes EB-C2 and EB-C4 
without mechanical anchors were 20% and 19% lower than those of schemes EB-C2A 
and EB-C4A that included mechanical anchors, respectively.     
From Table 4.21, it can also be seen that the material efficiency factors of 
schemes EB-C2 and EB-C4 that did not include anchors decreased by approximately 
35% and 46%, respectively, when used in the hogging region rather than the sagging 
regions. This occurred because of the premature debonding mode of failure of the EB-
CFRP scheme that was observed when used in the hogging region without mechanical 
anchors.  
It can then be concluded that for the continuous RC slab strips with the 
deficiency in the sagging region, the use of the lower amount of two EB-CFRP sheets 
even without mechanical anchors was sufficient to make the EB-CFRP system the 
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most efficient strengthening scheme from the material efficiency standpoint. 
Conversely, for the continuous RC slab strips with the deficiency in the hogging 
region, the use of the lower amount of two EB-CFRP sheets together with mechanical 
anchors was necessary to maintain the efficiency of the EB-CFRP system.  
Table 4.21: FRP material efficiency factor  
Specimen 
designation 
Aft 
(mm2) 
Tsf 
(kN) 
Pextra 
(kN) 
EF  
(%) 
S-NSM-C1 37.5 116.3 26.7 23 
S-NSM-C2 75.0 232.5 41.5 18 
S-NSM-G3 235.6 212.0 62.3 29 
S-EB-C2 34.0 132.6 41.5 31 
S-EB-C4 68.0 265.2 63.8 24 
S-EB-C2A 34.0 132.6 40.8 31 
S-EB-C4A 68.0 265.2 57.8 22 
H-NSM-C1 37.5 116.3 16.1 14 
H-NSM-C2 75.0 232.5 33.8 15 
H-NSM-G3 235.6 212.0 45.5 21 
H-EB-C2 34.0 132.6 26.8 20 
H-EB-C4 68.0 265.2 34.5 13 
H-EB-C2A 34.0 132.6 33.6 25 
H-EB-C4A 68.0 265.2 41.1 16 
EF = efficiency factor  
Pextra = extra load capacity caused by strengthening 
TSf = tensile strength of all FRP reinforcement used in strengthening 
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Chapter 5: Numerical Modeling 
5.1 Introduction 
A total of 16 three-dimensional (3D) finite element (FE) models representing 
all of the tested specimens have been developed using the software package ATENA®. 
The software ATENA® is a nonlinear finite element analysis program developed by 
Červenka Consulting S.R.O. (Červenka et al. 2013). The software is a comprehensive 
finite element package specialized in modeling and simulation of reinforced concrete 
structures with wide-ranging capabilities. An overview of the material constitutive 
laws and element types adopted in the models is presented in this chapter. The 
mechanical properties of the concrete, steel, and FRP reinforcement reported in 
Chapter 3 were used as input data in the analysis.  
An interfacial bond stress-slip model was adopted between the CFRP 
reinforcement and the concrete in the FE models of the specimens strengthened with 
EB-CFRP sheets without mechanical anchors. For the specimens strengthened with 
the NSM composite reinforcement or the EB composite sheets with mechanical 
anchors, a perfect bond between the FRP reinforcement and the concrete was assumed 
in the models. The accuracy and validity of the numerical computational models in 
predicting the structural response of continuous RC slab strips strengthened with 
composites are demonstrated by comparing the numerical predictions with the 
experimental results. 
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5.2 Material Constitutive Laws  
5.2.1 Concrete Constitutive Model 
The 3D nonlinear cementitious material model of the FE package 
(CC3DNonLinCementitious2) was used to simulate the concrete (Červenka et al. 
2013). The model combines constitutive laws for tensile (fracturing) and compressive 
(plastic) behavior. The fracture model is based on the classical orthotropic smeared 
crack formulation and crack band model. It employs Rankine failure criterion and 
exponential softening based on crack opening. The hardening/softening plasticity 
model is based on Menétrey-Willam failure surface. The model uses return mapping 
algorithm for the integration of the constitutive equations.  
The ascending branch of the concrete constitutive law in compression is based 
on strains while the law for the descending branch is based on displacements. The 
ascending branch in compression consists of two parts, linear part up to a compressive 
stress value of fco = 2ft, where ft = tensile strength of concrete, followed by a nonlinear 
elliptical curve. The compressive hardening/softening law is illustrated in Figure 5.1. 
The concrete stress-strain response in the nonlinear (plastic) hardening phase is given 
by Eq. 5.1, where c = compressive stress in the nonlinear (plastic) hardening phase, 
fco = compressive stress at the onset of nonlinear compressive behavior, fc
’ = cylinder 
compressive strength of concrete, p = plastic concrete strain, and cp = plastic concrete 
strain at compressive strength. 
 2
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The softening concrete law in compression is assumed linearly descending 
based on the work conducted by Van Mier (1986). On the descending curve, the plastic 
concrete strain, p, is transformed into displacements, wc, through the length scale 
parameter, Lc, which corresponds to the projection of the element size into the direction 
of minimal principal stresses. The end point of the softening curve in compression is 
defined by means of the plastic displacement, wd, that is equal to 0.5 mm for normal 
concrete (Van Mier 1986).  
 
Compressive hardening law 
 
Compressive softening law 
Figure 5.1: Concrete compressive hardening/softening law 
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The compressive strength in a direction parallel to the cracks is reduced in a 
way similar to that proposed by Vecchio and Collins (1986) and formulated in the 
compression field theory. The function used for estimating the reduced concrete 
strength after cracking is given in Equations 5.2 to 5.3, where ef'
cf  = effective concrete 
compressive strength in a direction parallel to the cracks, 1 = strain in a direction 
normal to the crack, rc = compressive strength reduction factor, and 
lim
cr  = maximal 
compressive strength reduction factor taken as 0.8 based on the work done by 
Dyngeland (1989).  
 '
cc
ef'
c frf   Eq. 5.2 
 
0.1rr,
1708.0
1
r c
lim
c
1
c 



 Eq. 5.3 
An ascending-descending relationship for the concrete in tension is adopted. 
The slope of the ascending branch in tension is assumed equal to the concrete modulus 
of elasticity. In the descending branch, the smeared crack approach has been employed 
for modeling of cracks. The fixed crack model has been adopted in the present study 
where the orthotropy is introduced after cracking. In the fixed crack model, the crack 
direction is given by the principal stress direction at the moment of crack initiation (i.e. 
when the principal stress just exceeds the concrete tensile strength). During further 
loading this direction is fixed and represents the material axis of the orthotropy 
(Červenka et al. 2013). The tensile softening law of concrete is illustrated in Figure 5.2. 
The crack opening displacement, wt, is derived from the fracture concrete strain, cf, 
and the crack band length, Lt, which is assumed equal to the size of the element 
projected into the crack direction. The crack opening at the complete release of stress, 
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wtc, is based on the fracture energy of the concrete needed to create a unit area of stress-
free crack, Gf,, and the concrete tensile strength, ft. 
 
Figure 5.2: Tensile softening law of concrete 
The shear strength of a cracked concrete is calculated using Eq. 5.4 based on 
the modified compression filed theory by Vecchio and Collins (1986), where ef = 
effective shear strength of a cracked concrete, fc
’ = cylinder compressive strength of 
concrete, ag = maximum aggregate size taken as 20 mm, w = maximum crack width at 
the given location. Values of the parameters used in the concrete constitutive model 
are given in Table 5.1. 
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 203 
 
 
Table 5.1: Concrete properties 
Parameter Description Value 
E elastic modulus 34.3 x 103 MPa 
υ poisson’s ratio 0.2 
ft tensile strength of concrete 1.29 MPa 
fc
’ cylinder compressive strength of concrete -28 MPa 
fcu cube compressive strength of concrete -41 MPa 
Gf specific fracture energy 7.11 x 10
-5 MN/m 
wd critical compressive displacement -5 x 10
-4 m 
lim
cr  
maximal compressive strength reduction factor 0.8 
ag maximum aggregate size 0.02 m 
 
5.2.2 Steel Stress-Strain Law 
The bilinear law, elastic-perfectly plastic, given in Eq. 5.5, is assumed for the 
steel reinforcing bars as shown in Figure 5.3 where fs = steel stress, fy = steel yielding 
stress, εs = steel strain, εy = steel strain at yielding, Es = Young’s modulus of steel 
reinforcement, and εsu = ultimate steel strain. The steel Young’s modules, Es, was 
assumed as 200 GPa. The yield strength of the 8, 10, and 12 mm steel bars were taken 
as 588, 515, and 483 MPa, respectively, based on the uniaxial tensile test results. A 
perfect bond was assumed between the steel bars and the concrete. The stress-strain 
response of the steel plates at the support and loading locations is assumed linear-
elastic with a Young’s modules of Es = 200 GPa.  
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Figure 5.3: Bilinear stress-strain law of steel reinforcement 
5.2.3 FRP Stress-Strain Law 
The stress-strain law of the FRP reinforcement given in Eq. 5.6 is assumed as 
linear-elastic up to failure as shown in Figure 5.4 where ff = stress in FRP, εf  = FRP 
strain, Ef  = Young’s modulus of FRP, and ffr = rupture strength of FRP. The mean 
values of the tensile modulus, strength, and rupture strain of the FRP reinforcement 
provided by the manufacturer listed in Table 3.6 were used as input data in the analysis. 
Perfect bond between the NSM-FRP reinforcement and the concrete was assumed as 
reported by Sena-Cruz et al. (2007) and verified experimentally in the present study. 
An interfacial bond stress-slip model was adopted between the CFRP reinforcement 
and the concrete in the FE models of the specimens strengthened with EB-CFRP sheets 
without mechanical anchors. For the specimens strengthened with the EB-CFRP sheets 
with mechanical anchors, a perfect bond between the FRP reinforcement and the 
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concrete was assumed since the mechanical anchors prevented debonding of the CFRP 
sheets. 
 
frfff fEf    Eq. 5.6 
 
Figure 5.4: Stress-strain law of FRP reinforcement 
5.2.4 Interfacial Bond-Slip Model 
The well-known interfacial bilinear bond stress-slip model developed by Lu et 
al. (2005) was adopted between the CFRP reinforcement and the concrete in the four 
models developed for the specimens strengthened with EB-CFRP without mechanical 
anchors. This interfacial bond stress-slip model is governed by Equations 5.7 to 5.12 
and depicted in Figure 5.5 where, ftb = interfacial tensile strength of concrete,max = 
maximum bond stress, so = slip at maximum bond stress, w = coefficient that depends 
on the ratio bf/bc, bf  = width of the CFRP sheet, bc = center-to-center spacing between 
the CFRP sheets, sf  = slip at failure, Gfb = interfacial fracture energy of concrete, and 
fcu = cube compressive strength of concrete. 
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 ftb = 0.395(fcu)
0.55 
Eq. 5.7 
 τmax = 1.5 βw ftb Eq. 5.8 
 so = 0.0195 βw ftb Eq. 5.9 
  sf = 2 Gfb / τmax Eq. 5.10 
  Gfb = 0.308 βw
2
 √ftb Eq. 5.11 
  
β
ω
=√
2.25- bf bc⁄
1.25+ bf bc⁄
 Eq. 5.12 
 
 
Figure 5.5: Interfacial bond-slip model 
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5.3 Element Types 
The concrete was modeled using 3D solid brick elements with 8 nodes. The 
concrete element size was 25 mm. A mesh sensitivity study was undertaken on the 
control specimens. Reducing the element size to 20 mm had insignificant effect on the 
strength, stiffness, and deformations predicted numerically. The steel and NSM-FRP 
were modeled as “discrete reinforcement” using 3D truss elements. In the truss 
element, the stress is assumed uniform over the entire element. The computational time 
was reasonable and hence the symmetry option was not utilized in the modelling (i.e. 
the entire slab strip was modeled). Figures 5.6 and 5.7 show the steel arrangement 
implemented in the FE models for specimens of groups [A] and [B], respectively. Each 
externally-bonded CFRP sheet was represented by four parallel “discrete 
reinforcement” using 3D truss elements as shown in Figures 5.8 and 5.9 for specimens 
of groups [A] and [B], respectively. The load and support plates were modeled using 
3D solid brick elements. Figure 5.10 show a typical undeformed shape of the 
developed FE model.  
 
Figure 5.6: Arrangement of steel reinforcement in the FE models – group [A] 
 
 
Figure 5.7: Arrangement of steel reinforcement in the FE models – group [B] 
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Top view 
 
Front view 
Figure 5.8: Arrangement of EB-CFRP reinforcement in the FE models – group [A] 
 
Top view 
 
Front view 
Figure 5.9: Arrangement of EB-CFRP reinforcement in the FE models – group [B] 
 
Figure 5.10: Undeformed shape of a typical FE model 
 
5.4 Boundary Conditions 
A displacement-controlled incremental loading method was employed in the 
FE analysis. An iterative solution procedure based on the Newton-Raphson method 
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was adopted in the FE analysis. The FE models were loaded by means of prescribed 
displacements located at the midpoint of the top surface of the loading plates as shown 
in Figure 5.11. The midpoint of the bottom surface of the middle support plate was 
restrained from movement in the longitudinal, transverse and vertical directions (x, y, 
and z directions, respectively). The end support plates were restrained from movement 
in the transverse and vertical directions (y and z directions, respectively) by means of 
a support line placed at the bottom surface of the plate. The end support plates were 
free to move in the longitudinal direction (x direction). The boundary conditions 
adopted in the FE models are shown in Figure 5.12. 
 
Figure 5.11: Loading of the FE model using prescribed displacement  
  
End support Middle support 
        displacement is prevented in x, y, and z directions 
 
displacement is prevented in y and z directions 
Figure 5.12: Boundary Conditions 
 
x 
y 
z 
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5.5 Verification of Numerical Models  
5.5.1 Load Capacity 
The yielding and ultimate loads predicted numerically are compared to those 
measured experimentally in Tables 5.2 and 5.3 for specimens of groups [A] and [B], 
respectively. The numerical yielding loads in the sagging and hogging regions are 
determined from the corresponding tensile strain response given in section 5.5.3. From 
the tables, it can be seen that the numerical models slightly overestimated the yielding 
and ultimate loads of the control unstrengthened specimens S-NS and H-NS by, on 
average, 6% and 11%, respectively. The predicted ultimate load of specimen S-NS 
with the deficiency in the sagging region (100.9 kN) was approximately 25% lower 
than that of specimen H-NS with the same deficiency but in the hogging region (133.7 
kN). These findings were consistent with the corresponding test results where the 
experimental ultimate load of specimen S-NS (92.6 kN) was approximately 22% lower 
than that of specimen H-NS (118 kN). This confirms the reliability and validity of the 
FE models developed in this study.        
The predicted yielding and ultimate loads of the specimens strengthened with 
the NSM-FRP system were within 15% and 9% error bands, respectively. For the 
specimens strengthened with the EB-CFRP system in the sagging region, the 
numerical models tended to overestimate the yielding and ultimate loads. That was 
more evident for specimen S-EB-C4A from group [A] where the predicted ultimate 
load was 19% higher than that measured experimentally. The predicted ultimate loads 
of specimens of group [B] strengthened with the EB-CFRP system in the hogging 
region were 3% to 10% higher than those measured experimentally.  
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As mentioned earlier, the bond-slip model described in section 5.2.4 was 
adopted at the interface between the EB-CFRP reinforcement and the concrete for the 
specimens strengthened with the EB-CFRP system without mechanical anchors (S-
EB-C2; S-EB-C4 from group [A] and H-EB-C2; H-EB-C4 from group [B]). For other 
specimens strengthened with the EB-CFRP system together with mechanical anchors, 
a perfect bond between the CFRP and the concrete was assumed. The predicted 
ultimate loads of specimens S-EB-C2 and S-EB-C4 were insignificantly lower than 
those of their counterpart specimens S-EB-C2A and S-EB-C4A, respectively. 
Similarly, the predicted ultimate loads of specimens H-EB-C2 and H-EB-C4 were 
insignificantly different from those of their counterpart specimens H-EB-C2A and H-
EB-C4A, respectively. This demonstrated that the inclusion of the interfacial bond-
slip model between the CFRP and the concrete in the FE analysis had an almost no 
effect on the predicted load capacity of the specimens strengthened with EB-CFRP 
composites. 
The difference between the predicted and experimental loads for all of the 
tested specimens is, generally, within the acceptable margin of error. The minor 
difference between the numerical and experimental results can be ascribed to a 
variation in the actual mechanical properties of the materials used in construction of 
the tested specimens. The numerical models developed in this study can predict the 
load capacity of continuous RC slab strips strengthened with composites with an 
acceptable level of accuracy.  
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Table 5.2: Comparison between numerical and experimental loads – group [A] 
Specimen 
Loads from 
experiments  
(kN) 
Loads from FE 
analysis 
(kN) 
Difference  
(%) 
Py,sag Py,hog Pu Py,sag Py,hog Pu Py,sag Py,hog Pu 
S-NS 72.7 87.9 92.6 75.2 93.6 100.9 +3 +6 +9 
S-NSM-C1 94.9 98.9 119.3 94.8 109.7 122.6 0 +11 +3 
S-NSM-C2 105.8 108.4 134.1 110.9 118.9 145.8 +5 +10 +9 
S-NSM-G3 127.5 123 154.9 124.3 125.4 158.6 -3 +2 +2 
S-EB-C2 102.3 111.3 134.1 108.2 121.0 151.8 +6 +9 +13 
S-EB-C4 126.4 121.3 156.4 132.4 137.1 178.8 +5 +13 +14 
S-EB-C2A 102.4 105.3 133.4 110.5 119.1 152.3 +8 +13 +14 
S-EB-C4A 130.3 126.5 150.4 134.8 134.8 179.4 +3 +7 +19 
 
 
Table 5.3: Comparison between numerical and experimental loads – group [B] 
Specimen 
Loads from 
experiments  
(kN) 
Loads from FE 
analysis 
(kN) 
Difference  
(%) 
Py,sag Py,hog Pu Py,sag Py,hog Pu Py,sag Py,hog Pu 
H-NS 113.2 76.1 118.0 128.1 81.9 133.7 +13 +8 +13 
H-NSM-C1 123.2 103.4 134.1 134.1 93.8 142.8 +9 -9 +6 
H-NSM-C2 125 122.3 151.8 144.3 108.6 151.3 +15 -11 0 
H-NSM-G3 127.3 113.9 163.5 146.5 110 157.5 +15 -3 -4 
H-EB-C2 128.9 102.2 144.8 144.2 107.0 155.6 +12 +5 +7 
H-EB-C4 140.3 129 152.5 151.7 127.1 167.2 +8 -1 +10 
H-EB-C2A 129.6 108.2 151.6 140.2 110.6 155.9 +8 +2 +3 
H-EB-C4A 135.3 109.3 159.1 148.6 126.2 167.8 +10 +15 +5 
 
5.5.2 Deflection Response 
The numerical load-deflection responses of specimens of group [A] and [B] 
are shown in Figures 5.13 and 5.14, respectively. The east and west mid-span 
deflections predicted numerically were identical, and hence, only one of them is shown 
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in the figures. The numerical load-deflection curves presented in these figures are 
stopped shortly after the peak load for clarity. The numerical load-deflection responses 
demonstrated that strengthening of flexure-deficient continuous RC slab strips with 
composites improved the slab stiffness and load capacity with no or insignificant 
reduction in the deflection at peak load which was in agreement with the experimental 
findings. The numerical deflection responses indicated also that the improvement in 
the pre-yielding and post-yielding stiffnesses and also in the load capacity, caused by 
strengthening, was more significant for specimens of group [A] than for those of group 
[B] which was consistent with the experimental findings.  
Figures 5.15 and 5.16 compare the load-deflection curves predicted 
numerically with those obtained from the experimental tests for all specimens of 
groups [A] and [B], respectively. The good agreement between the numerical and 
experimental load-deflection curves is evident. This further verifies the accuracy and 
validity of the FE models in capturing the structural response of continuous RC slab 
strips strengthened with composites. The numerical models tended, however, to 
provide a slightly stiffer deflection response than that obtained from the experimental 
tests.  
A comparison between the numerical and experimental deflection values at the 
last yielding and at peak load for specimens of groups [A] and [B] are given in Tables 
5.4 and 5.5, respectively. The experimental values presented in the tables represent the 
average of the east and west mid-span deflections measured experimentally. The 
deflection values predicted numerically were generally in good agreement with those 
measure experimentally. The predicted deflections at the last yielding were within 29% 
error band. The majority of the predicted deflections at peak load were within 20% 
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error band. In four models, the error band increased to 33%. In general, predicting the 
true deflection values of continuous RC structures is not a simple task. The problem 
becomes more complex when the internal steel reinforcement is supplemented by 
NSM or EB composite reinforcement.  
It should be note that the measured deflections were in the range of 15 to 26 
mm at the peak load and in the range of 10 to 15 mm at the last yielding. For such 
small values of deflections, any minor difference between the measured and predicted 
deflections in the order of few millimeters would result in a high percentage error, 
which could be misleading when examining the accuracy of the numerical analysis. It 
can then be stated that the FE models developed in this study can provide reasonable 
predictions for the mid-span deflections at the yielding and peak loads. 
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Specimens strengthened with NSM composites and specimen S-NS 
 
Specimens strengthened with EB composites and specimen S-NS 
Figure 5.13: Numerical load-deflection responses – group [A] 
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Specimens strengthened with NSM composites and specimen H-NS 
 
Specimens strengthened with EB composites and specimen H-NS 
Figure 5.14: Numerical load-deflection responses – group [B] 
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Specimen S-NS Specimen S-NSM-C1 
  
Specimen S-NSM-C2 Specimen S-NSM-G3 
  
Specimen S-EB-C2 Specimen S-EB-C4 
  
Specimen S-EB-C2A Specimen S-EB-C4A 
Figure 5.15: Numerical and experimental load-deflection responses – group [A] 
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Specimen H-NS Specimen H-NSM-C1 
  
Specimen H-NSM-C2 Specimen H-NSM-G3 
  
Specimen H-EB-C2 Specimen H-EB-C4 
  
Specimen H-EB-C2A Specimen H-EB-C4A 
Figure 5.16: Numerical and experimental load-deflection responses – group [B] 
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Table 5.4: Comparison between numerical and experimental deflections – group [A] 
Specimen 
 Deflections from 
experiments  
(mm) 
Deflections from 
FE analysis   
(mm) 
Difference  
(%) 
y p y p y p 
S-NS 14.7 19.5 10.6 15.8 -28 -19 
S-NSM-C1 12.6 25.6 9.8 18.1 -22 -29 
S-NSM-C2 10.7 20.5 9.2 17.4 -14 -15 
S-NSM-G3 13.7 24.9 9.8 23.4 -28 -6 
S-EB-C2 10.7 20.7 9.0 24.2 -16 17 
S-EB-C4 10.6 17.8 8.4 21.2 -21 19 
S-EB-C2A 10.0 20.4 9.0 24.8 -10 22 
S-EB-C4A 11.9 20.4 8.4 20.2 -29 -1 
 
 
Table 5.5: Comparison between numerical and experimental deflections – group [B] 
Specimen 
 Deflections from 
experiments  
(mm) 
Deflections from 
FE analysis   
(mm) 
Difference  
(%) 
y p y p y p 
H-NS 14.0 18.2 11.2 18.8 -20 3 
H-NSM-C1 13.4 24.7 10.8 20.4 -19 -17 
H-NSM-C2 9.2 19.9 9.8 22 7 11 
H-NSM-G3 9.8 26.3 10.2 17.6 4 -33 
H-EB-C2 10.8 19.7 10.2 19.0 -6 -4 
H-EB-C4 12.0 15.1 10.2 17.2 -15 14 
H-EB-C2A 11.9 26.1 10.4 18.8 -13 -28 
H-EB-C4A 12.5 21.8 9.8 17.4 -22 -20 
 
 
5.5.3 Tensile Steel Strain Response 
The numerical tensile steel strain responses for specimens of groups [A] and 
[B] are shown in Figures 5.17 and 5.18, respectively. It is evident that yielding of the 
tensile steel resulted in a significant change in the slope of the corresponding load-
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strain response. The numerical analysis indicated that, consistent with the experimental 
findings, the tensile steel in the control specimens S-NS and H-NS yielded first in the 
deficient region (i.e. sagging region in specimen S-NS and hogging region in specimen 
H-NS). Flexural strengthening of the deficient region with composites delayed 
yielding of the tensile steel, and hence, increased the yielding and ultimate loads of the 
strengthened specimens relative to those of the corresponding control unstrengthened 
specimen. The predicted responses of the specimens strengthened by the EB-CFRP 
system with and without mechanical anchors were almost identical. This indicated that 
the inclusion of the interfacial bond-slip model between the CFRP and the concrete in 
the FE modeling had no effect on the tensile steel strain response.    
The numerical tensile steel response of specimens of group [A] shown in 
Figure 5.17 indicated that the tensile steel of specimens S-NSM-C1, S-EB-C2, and S-
EB-C2A with the lower amount of FRP reinforcement yielded first in the sagging 
region then in the hogging region. For all other specimens with the higher amount of 
FRP reinforcement, yielding of the tensile steel occurred almost simultaneously in both 
sagging and hogging regions. These findings are consistent with those obtained from 
test results. Results of the numerical modeling given in Figure 5.18 indicated that, 
consistent with the experimental findings, the tensile steel in all specimens of group 
[B] yielded first in the hogging region then in the sagging region. The numerical tensile 
steel strain responses of specimens of groups [A] and [B] are compared with those 
obtained from the experimental tests in Figures 5.19 and 5.20, respectively. It is 
evident that the numerical and experimental tensile steel strain responses are in good 
agreement.  
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Specimens strengthened with NSM composites and specimen S-NS 
 
Specimens strengthened with EB composites and specimen S-NS 
Figure 5.17: Numerical tensile steel strain responses – group [A] 
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Specimens strengthened with NSM composites and specimen H-NS 
 
Specimens strengthened with EB composites and specimen H-NS 
Figure 5.18: Numerical tensile steel strain  responses – group [B] 
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Specimen S-NS Specimen S-NSM-C1 
  
Specimen S-NSM-C2 Specimen S-NSM-G3 
  
Specimen S-EB-C2 Specimen S-EB-C4 
  
Specimen S-EB-C2A Specimen S-EB-C4A 
Figure 5.19: Numerical and experimental tensile steel strain responses – group [A] 
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Specimen H-NS Specimen H-NSM-C1 
  
Specimen H-NSM-C2 Specimen H-NSM-G3 
  
Specimen H-EB-C2 Specimen H-EB-C4 
  
Specimen H-EB-C2A Specimen H-EB-C4A 
Figure 5.20: Numerical and experimental tesnile steel strain  responses – group [B] 
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5.5.4 FRP Strain Response 
The numerical FRP strain responses for specimens of groups [A] and [B] are 
shown in Figures 5.21 and 5.22, respectively. The trilinear FRP strain response is 
evident. The numerical results indicated that for a given load, the FRP strain decreased 
with an increase in the amount of the FRP reinforcement. Increasing the amount of the 
FRP tended to decrease the value of the FRP strain at peak load. The numerical strain 
responses of specimens S-NSM-C2 and S-NSM-G3 were almost identical because 
their FRP reinforcement had an almost equal axial rigidity. Similarly, specimens H-
NSM-C2 and H-NSM-G3 featured similar numerical FRP strain response, particularly 
in the pre-yielding stage. The numerical FRP strain response of the specimens 
strengthened by the EB-CFRP sheets with and without anchors were identical. This 
indicated that the inclusion of the interfacial bond-slip model between the CFRP and 
the concrete in the FE modeling had no effect on the numerical FRP strain response. 
The FRP strain at peak load was lower than the corresponding rupture strain indicating 
that, consistent with the experimental findings, none of the specimens failed by rupture 
of the FRP reinforcement. The numerical FRP strain responses of specimens of groups 
[A] and [B] are compared with those measured experimentally in Figures 5.23 and 
5.24, respectively. The numerical and experimental FRP strain responses are in good 
agreement. 
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Specimens strengthened with NSM composites 
 
Specimens strengthened with EB composites  
Figure 5.21: Numerical FRP strain responses – group [A] 
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Specimens strengthened with NSM composites 
 
Specimens strengthened with EB composites 
Figure 5.22: Numerical FRP strain responses – group [B] 
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Specimen S-NSM-C1 Specimen S-NSM-C2 
  
Specimen S-NSM-G3 Specimen S-EB-C2 
  
Specimen S-EB-C4 Specimen S-EB-C2A 
 
Specimen S-EB-C4A 
Figure 5.23: Numerical and experimental FRP strain responses – group [A] 
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Specimen H-NSM-C1 Specimen H-NSM-C2 
  
Specimen H-NSM-G3 Specimen H-EB-C2 
  
Specimen H-EB-C4 Specimen H-EB-C2A 
 
Specimen H-EB-C4A 
Figure 5.24: Numerical and experimental FRP strain responses – group [B] 
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5.5.5 Support Reactions 
The support reactions predicted numerically and measured experimentally for 
specimens of groups [A] and [B] are compared together in Figures 5.25 and 5.26, 
respectively. The elastic reactions are also given in the same figures. The numerical 
and experimental support reactions are in good agreement. For the control specimens, 
S-NS and H-NS, the numerical support reactions deviated from the elastic response 
because of a variation in the flexural rigidity between the sagging and hogging regions. 
Flexural strengthening of the deficient region reduced the difference in flexural rigidity 
between the sagging and hogging regions, and hence, reduced the deviation of the 
predicted reactions from the elastic response. These findings are consistent with those 
obtained from the experimental tests. This further verifies the ability of the FE models 
to predict the nonlinear response of continuous RC slab strips strengthened with 
composites.   
5.5.6 Moment-Deflection Response 
The numerical sagging and hogging moments for specimens of groups [A] and 
[B] are plotted against the corresponding numerical mid-span deflections in Figures 
5.27 and 5.28, respectively. The increase in the moment capacity of the strengthened 
region due strengthening is evident. It is clear that specimens of group [A] exhibited 
different sagging moment responses and similar hogging moment responses. 
Conversely, specimens of group [B] exhibited different hogging moment responses 
and almost identical sagging moment responses. These findings are consistent with 
those obtained from the experiments. The numerical moment-deflection curves of 
specimens of groups [A] and [B] are compared with the experimental curves in Figures 
5.29 and 5.30, respectively. There is a good agreement between the numerical and 
experimental moment-deflection curves.   
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Specimen S-NS Specimen S-NSM-C1 
  
Specimen S-NSM-C2 Specimen S-NSM-G3 
  
Specimen S-EB-C2 Specimen S-EB-C4 
  
Specimen S-EB-C2A Specimen S-EB-C4A 
Figure 5.25: Numerical and experimental middle and end support reactions – group 
[A] 
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Specimen H-NS Specimen H-NSM-C1 
  
Specimen H-NSM-C2 Specimen H-NSM-G3 
  
Specimen H-EB-C2 Specimen H-EB-C4 
  
Specimen H-EB-C2A Specimen H-EB-C4A 
Figure 5.26: Numerical and experimental middle and end support reactions – group [B] 
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Specimens strengthened with NSM composites and specimen S-NS 
 
Specimens strengthened with EB composites and specimen S-NS 
Figure 5.27: Numerical moment-deflection responses – group [A] 
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Specimens strengthened with NSM composites and specimen H-NS 
 
Specimens strengthened with EB composites and specimen H-NS 
Figure 5.28: Numerical moment-deflection responses – group [B] 
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Specimen S-NS Specimen S-NSM-C1 
  
Specimen S-NSM-C2 Specimen S-NSM-G3 
  
Specimen S-EB-C2 Specimen S-EB-C4 
  
Specimen S-EB-C2A Specimen S-EB-C4A 
Figure 5.29: Numerical and experimental moment-deflection responses – group [A] 
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Specimen H-NS Specimen H-NSM-C1 
  
Specimen H-NSM-C2 Specimen H-NSM-G3 
  
Specimen H-EB-C2 Specimen H-EB-C4 
  
Specimen H-EB-C2A Specimen H-EB-C4A 
Figure 5.30: Numerical and experimental moment-deflection responses – group [B] 
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5.5.7 Load-Moment Relationship 
The numerical load-moment relationships for specimens of groups [A] and [B] 
are given in Figures 5.31 and 5.32, respectively. The deviation from the elastic 
response is evident. The control specimens S-NS and H-NS exhibited the greatest 
deviation from the elastic response. The deviation from the elastic response decreased 
with an increase in the amount of the FRP reinforcement used in strengthening of the 
deficient region. These findings are consistent with those obtained from the 
experimental tests. The numerical load-moment relationships of specimens of groups 
[A] and [B] are compared with the corresponding experimental curves in Figures 5.33 
and 5.34, respectively. These figures indicate that the FE models can predict the 
nonlinear load-moment deflection response of continuous RC slab strips with an 
acceptable level of accuracy.   
5.5.8 Crack Pattern 
The crack patterns predicted numerically at the peak load are compared with 
those observed experimentally in Figures 5.35 to 5.50.  The predicted crack patterns 
are in good agreement with those recorded experimentally. This verifies the ability of 
the FE models to predict the crack patterns and the nonlinear response of the tested 
specimens. The crack patterns predicted numerically indicated formation of 
longitudinal splitting cracks in the extreme compression fiber of the mid-span sections 
and/or over the middle support due to the significant longitudinal compressive stresses 
developed in these regions at the peak load. The FE models developed in this study 
can serve as a numerical platform for nonlinear performance prediction of RC slab 
strips strengthened with composites.  
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                  Specimens strengthened with NSM composites and specimen S-NS 
 
                  Specimens strengthened with EB composites and specimen S-NS 
Figure 5.31: Numerical load-moment relationships – group [A] 
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                  Specimens strengthened with NSM composites and specimen H-NS 
 
                  Specimens strengthened with EB composites and specimen H-NS 
                  Figure 5.32: Numerical load-moment relationships – group [B] 
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Specimen S-NS Specimen S-NSM-C1 
  
Specimen S-NSM-C2 Specimen S-NSM-G3 
  
Specimen S-EB-C2 Specimen S-EB-C4 
  
Specimen S-EB-C2A Specimen S-EB-C4A 
Figure 5.33: Numerical and experimental load-moment relationships – group [A] 
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Specimen H-NS Specimen H-NSM-C1 
  
Specimen H-NSM-C2 Specimen H-NSM-G3 
  
Specimen H-EB-C2 Specimen H-EB-C4 
  
Specimen H-EB-C2A Specimen H-EB-C4A 
Figure 5.34: Numerical and experimental load-moment relationships – group [B] 
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East sagging region 
 
 
Middle support 
 
 
West sagging region 
Figure 5.35: Numerical and experimental crack patterns - specimen S-NS 
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East sagging region 
Figure 5.36: Numerical and experimental crack patterns - specimen S-NSM-C1 
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Figure 5.37: Numerical and experimental crack patterns - specimen S-NSM-C2 
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Figure 5.38: Numerical and experimental crack patterns - specimen S-NSM-G3 
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Figure 5.39: Numerical and experimental crack patterns - specimen S-EB-C2 
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Figure 5.40: Numerical and experimental crack patterns - specimen S-EB-C4 
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Figure 5.41: Numerical and experimental crack patterns - specimen S-EB-C2A 
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Figure 5.42: Numerical and experimental crack patterns - specimen S-EB-C4A 
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Figure 5.43: Numerical and experimental crack patterns - specimen H-NS 
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Figure 5.44: Numerical and experimental crack patterns - specimen H-NSM-C1 
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Figure 5.45: Numerical and experimental crack patterns - specimen H-NSM-C2 
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Figure 5.46: Numerical and experimental crack patterns - specimen H-NSM-G3 
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Figure 5.47: Numerical and experimental crack patterns - specimen H-EB-C2 
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Figure 5.48: Numerical and experimental crack patterns - specimen H-EB-C4 
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Figure 5.49: Numerical and experimental crack patterns - specimen H-EB-C2A 
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Figure 5.50: Numerical and experimental crack patterns - specimen H-EB-C4A 
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Chapter 6: Conclusions and Recommendations 
6.1 Introduction 
The viability of using two different fiber-reinforced polymer (FRP) composite-
based systems to improve the structural response of flexure-deficient continuous RC 
slab strips has been investigated in this thesis. The research comprised experimental 
testing and numerical investigation. The experimental study comprised testing of 16 
specimens. Eight specimens had a deficiency in the sagging regions and eight 
specimens were deficient in the hogging region. The deficient regions had a reduced 
amount of tensile steel reinforcement compared with that provided in the non-deficient 
regions to resemble an error in design or missing of steel bars during construction. The 
specimens were strengthened in the deficient regions with either near-surface-mounted 
(NSM) or externally-bonded (EB) fiber-reinforced polymer (FRP) composite 
reinforcement. Other test parameters included the type and amount of the FRP 
reinforcement implemented in the strengthening regime. The effect of inclusion of 
mechanical anchors in the EB-FRP strengthening scheme on the structural response 
has also been investigated.  
The numerical investigation included development of 16 three-dimensional 
(3D) finite element (FE) models representing all of the tested specimens using the 
software package ATENA®. The FE models adopt realistic materials laws that account 
for the nonlinear behavior of concrete in tension and compression. An interfacial bond 
stress-slip model was adopted between the CFRP reinforcement and the concrete in 
the FE models of the specimens strengthened with EB-CFRP sheets without 
mechanical anchors. The accuracy and validity of the FE models in predicting the 
nonlinear structural response of continuous RC slab strips strengthened with 
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composites have been demonstrated by comparing the numerical predictions with the 
experimental results. 
Main findings of the work along with recommendations for future studies on 
the subject are presented in this chapter. Findings of the present study are limited to 
two-span RC slab strips with the concrete dimensions, steel reinforcement ratios, and 
material properties given in Chapter 3. The tested specimens had a width of 400 mm, 
depth of 125 mm, total length of 3800 mm, and span length of 1800 mm. The 
specimens were tested to failure under incrementally increasing monotonic loading. 
The steel ratio in the deficient regions was approximately 32% that of the non-deficient 
regions. The steel ratios in the deficient and non-deficient regions were approximately 
0.45% and 1.4%, respectively. A variation in the size of the specimens, amount and/or 
distribution of steel/FRP reinforcement, properties of materials, and loading conditions 
would change the structural response before and after strengthening. Nevertheless, the 
FE models developed and verified in the present study can be used as a numerical 
platform for prediction of the nonlinear structural response of continuous RC slab 
strips strengthened with composites.   
6.2 Conclusions 
This research examined the flexural response of continuous RC slab strips 
strengthened with composites. Based on results of this research work, the following 
conclusions can be drawn:  
 The load capacity of the control unstrengthened RC slab strip deficient in the 
sagging region was approximately 22% lower than that of its counterpart having 
the same deficiency but in the hogging region. The ductility index of the control 
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RC slab strip deficient in the sagging region was, however, 64% higher than that 
of its counterpart deficient in the hogging region.    
 The composite-based strengthening regimes adopted in this study were 
effective in improving the structural response of flexure-deficient continuous 
RC slab strips. The increase in the load capacity due to strengthening was more 
significant for the slab strips deficient in the sagging region than in the hogging 
region. 
 The NSM-FRP strengthening regime resulted in 29% to 67% increases in the 
load capacity of the slab strips deficient in the sagging regions. The strength 
gain caused by the NSM-FRP strengthening regime for the slabs deficient in 
the hogging region was in the range of 14% to 39%.  
 The EB-FRP strengthening regime increased the load capacity by 45% to 69% 
for the slab strips deficient in the sagging regions and 23% to 44% for the slabs 
deficient in the hogging region. 
 Unlike simply-supported structures, the enhancement in the ultimate moment 
of the deficient sections in continuous RC slab strips due to strengthening was 
not the same as the enhancement in the load capacity. The enhancement in the 
ultimate moment due to strengthening was in the range of 71% to 165% for the 
slab strips strengthened in the sagging regions and in the range of 69% to 143% 
for the slab strips strengthened in the hogging region.       
 Increasing the amount of the FRP reinforcement increased the percent strength 
gain. For the slabs deficient in the sagging regions, doubling the amount of the 
NSM-CFRP strips increased the strength gain by approximately 55% whereas 
doubling the amount of the EB-CFRP sheets increased the strength gain by 
47%, on average. The effect of increasing the amount of FRP on the load 
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capacity was, generally, less significant for the slabs deficient in the hogging 
region where doubling the amount of the EB-CFRP sheets increased the 
strength gain by approximately 25%. 
 The inclusion of mechanical anchors in the EB-CFRP regime was necessary 
for the slab strips strengthened in the hogging region so that they could develop 
their full flexural capacity. For the slabs strengthened in the hogging region, 
the inclusion of mechanical anchors in the EB-CFRP regime prevented a 
premature delamination of the CFRP sheets, and hence, increased the strength 
gain by approximately 21%.  
 The inclusion of mechanical anchors in the EB-CFRP regime had an almost no 
effect on the structural response of the slab strips strengthened in the sagging 
regions where the mode of failure was controlled by concrete crushing rather 
than debonding of the CFRP sheets. 
 Flexural strengthening with composites improved the stiffness of the deficient 
RC slab strips. The ductility indices of the slab strips strengthened in the 
sagging regions, except that of specimen S-NSM-C1, were 23% to 36% lower 
than that of the corresponding control unstrengthened slab strip. The ductility 
index of specimen S-NSM-C1 with one NSM-CFRP strip was almost double 
that of the control specimen S-NS. The ductility indices of the slab strips 
strengthened in the hogging region, except that of specimen H-EB-C4, were 
13% to 66% higher than that of the corresponding control unstrengthened slab 
strip. The ductility index of specimen H-EB-C4 with the higher amount of EB-
CFRP sheets was approximately 22% lower than that of the control specimen 
H-NS due to the premature FRP debonding mode of failure.  
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 The unstrengthened slab strips exhibited considerable moment redistribution 
ratios due to the significant variation between the amount of the steel 
reinforcement in the sagging and hogging regions. The unstrengthened slab 
strip deficient in the sagging region exhibited moment redistribution ratios of 
approximately -40% and +65% in the sagging and hogging regions, 
respectively. The moment redistribution ratios for the unstrengthened slab strip 
deficient in the hogging region were approximately +19% and -31% in the 
sagging and hogging regions, respectively. Flexural strengthening of deficient 
regions reduced the difference in flexural rigidity between the sagging and 
hogging regions, and hence, they exhibited lower moment redistribution ratios.  
 The moment redistribution ratios decreased as the amount of the FRP 
reinforcement in the deficient region increased. The slab strip strengthened 
with the lower amount of FRP reinforcement in the sagging region exhibited 
sagging and hogging moment redistribution ratios at peak load of  
approximately -20% and +32%, respectively. For the slab strip strengthened 
with the higher amount of FRP reinforcement in the sagging region, moment 
redistribution ratios of approximately -4% and +7% were recorded at peak load 
in the sagging and hogging regions, respectively. The response of the slab strips 
strengthened in the deficient hogging region almost coincided with the elastic 
response, and hence, they exhibited insignificant moment redistribution 
between the sagging and hogging regions.    
 For the slab strips deficient in the sagging regions, schemes EB-C2 and EB-
C2A with the lower amount of two EB-CFRP sheets had the highest material 
efficiency factors. Scheme NSM-C2, with the higher amount of two NSM-
CFRP strips, had the lowest material efficiency factor when used in the sagging 
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region. The EB-CFRP schemes with and without mechanical anchors had an 
almost equal material efficiency factor when used in the sagging regions.   
 For the slab strips deficient in the hogging region, scheme EB-C2A with the 
lower amount of two EB-CFRP sheets and mechanical anchors had the highest 
material efficiency factor. Scheme EB-C4, with the higher amount of four EB-
CFRP strips without anchors, had the lowest material efficiency factor when 
used in the hogging region.  
 For continuous RC slab strips deficient in the sagging regions, the use of the 
lower amount of two EB-CFRP sheets even without mechanical anchors was 
sufficient to make the EB-CFRP system as the most efficient strengthening 
scheme from the material efficiency standpoint. Conversely, for the continuous 
RC slab strips deficient in the hogging region, the use of the lower amount of 
two EB-CFRP sheets together with mechanical anchors was necessary to 
maintain the efficiency of the EB-CFRP system. Among the NSM-FRP 
schemes used in the present study, scheme NSM-G3 with three NSM-GFR bars 
had the highest material efficiency factor. 
 The FE models developed in this study predicted the nonlinear structural 
response of continuous RC slab strips strengthened with composites with a 
high level of accuracy. A comparison between the numerical and experimental 
results demonstrated the accuracy and validly of the FE models. The predicted 
loads, deflection responses, strains, and crack patterns were in good agreement 
with those recorded experimentally. Findings of the numerical investigation 
were consistent with those obtained from the experimental tests. 
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6.3 Recommendations for Future Studies 
The following are recommendations for future studies in the field of 
strengthening of continuous RC structures with composites. 
 Study the viability of using composite-based systems in improving the 
structural response of continuous RC beams and slab strips suffering from 
active corrosion. 
 Investigate the durability performance of continuous RC beams and slab strips 
strengthened with composites under elevated temperatures and high humidity.  
 Study the response of continuous RC beams and slab strips strengthened with 
composites under fatigue loading. 
 Perform a parametric study to investigate the effect of wider range of variables 
on the nonlinear flexural response of RC slab strips strengthened with 
composites. Outcomes of the parametric study can be used to develop master 
curves for performance prediction of RC slab strips strengthened with 
composite-based systems. 
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